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Abstract 
 
This thesis reports a biochemical study on the olfactory system in mosquitoes, which 
pose one of the major threats to human health, in order to devise strategies alternative to 
insecticides for population control. In particular, the final aim of the research work was 
the discovery of new mosquito repellents.  
Our approach has been developed along two parallel lines: 
a) a biochemical research on the proteins mediating odour perception in mosquitoes, in 
particular a functional study of Odorant-binding proteins (OBPs) and Chemosensory 
proteins (CSPs), two classes of polypeptides involved in the detection and recognition 
of olfactory stimuli in insects. 
b) a structural comparison of the main components of essential oils behaviourally active 
on mosquitoes, in order to extract common feature that might provide guidelines for the 
design of better repellents; 
The experimental work has been focused on the expression of OBPs and CSPs in 
mosquitoes. Using a proteomic approach, applied to antennae and pre-adult stages (in 
particular eggs, larvae and pupae) we have identified OBPs and CSPs that are more 
likely involved in odour recognition. These proteins were expressed in bacterial system 
and used in ligand-binding assays with compounds bioactive on mosquitoes. 
During the last decade, we have witnessed an increasing number of publications dealing 
with mosquito repellents, most identified in plant essential oils. This large amount of 
research was stimulated by recent concerns on the safety of DEET, the commercial 
repellent. We have concluded that the best strategy for designing more efficient 
repellents is to aim at compounds with lower volatility, that provides a longer 
permanence on the skin as well as a reduced odour intensity. Based on this idea and 
taking the structures of some known repellents as templates, we have designed new 
molecules by introducing additional polar groups in the molecule and/or increasing their 
molecular weight. The new chemicals have been tested in “warm body” and “human-
bait” experiments and several of them proved to be as good to repel mosquitoes as those 
currently used.  
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Presentation 
 
The aim of my PhD thesis is to devise new strategies and tools to reduce the population 
of mosquitoes, in particular the malaria vector Anopheles gambiae, by interfering with 
their olfactory system and modifying their perception of the chemical environment.  
Such approach requires a detailed study at the molecular level on how mosquitoes and 
in general insects detect and recognise odours, how the structural parameters of odorant 
molecules are translated into electric signals and how such messages eventually trigger 
specific behavioural responses.   
Although the biochemical mechanisms involved in olfactory transduction may be 
common across all insect Orders, marked differences can be found between species 
when we consider the ecological meaning of the same volatile molecules. In particular, 
hematophagous insects, like mosquitoes, need a blood meal for reproduction and 
therefore are programmed for finding a suitable host. Their search is guided by 
olfaction, but also carbon dioxide and temperature are important cues.  
In the attempt to fight mosquitoes while reducing at the same time the amounts of 
insecticides released in the environment, volatile compounds that elicit an avoidance 
behaviour in mosquitoes have been the object of increasing attention in the last couple 
of decades. Many of these compounds come from natural sources, being constituents of 
plant essential oils, while others have been synthesised. The still limited impact of these 
substances on mosquitoes populations is probably related to the poor knowledge at the 
biochemical level on how repellents are perceived by mosquitoes, a fact that limits a 
rational design and a systematic discovery of better repellents. 
In this work I have tried to approach the problem of mosquito repellents from a 
biochemical and a chemical perspective. The biochemical research has been focused on 
soluble proteins of the chemoreception system of insects, odorant-binding proteins 
(OBPs) and chemosensory proteins (CSPs). Several pieces of evidence suggest that 
OBPs are involved in odour recognition in insects, thus making these proteins easy 
targets for disrupting the olfactory images formed in the insect’s brain. CSPs have been 
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much less studied under this aspects, thus making these proteins particularly interesting 
to investigate. 
Therefore, the experimental work first included a proteomic study focused on these two 
classes of proteins and aimed at identifying which OBPs and CSPs are expressed in the 
antennae of mosquitoes at the protein level, out of the 69 genes encoding OBPs and 8 
encoding CSPs.  
Selected proteins among the most abundantly expressed have been prepared in bacterial 
systems and their binding properties have been explored using a large number of 
chemicals, that included several natural and synthetic repellents.  
A parallel analysis of the literature data on mosquito repellents and a comparison of 
their chemical structures has suggested some guidelines to design new repellents with 
improved properties in terms of safety, easier synthesis and longer protection time.  
Based on some simple considerations, a number of new chemicals have been 
synthesised and tested for repellency as part of the work here presented. 
Many questions still remain unanswered, among them perhaps the most important being 
the ecological meaning of repellents for the mosquito. Are these compounds perceived 
as specific signals of dangerous situations to be avoided, as in the case of (E)-!-
farnesene for aphids or 2-heptanone and other alarm pheromones for bees and ants? Or 
perhaps repellents act as inhibitors, preventing the perception of host odours, or else just 
create a general confusion in the olfactory system? Biochemical research has not 
provided so far a convincing answer, but certainly a deeper undestanding of the 
molecular mechanisms of olfactory perception is required to make progress in this area.  
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Chapter I - Introduction!
 
 
MOSQUITOES AS VECTORS OF DISEASES 
 
Mosquitoes are vectors of many diseases, such as malaria, dengue and yellow fever, thus 
posing a major threat to human health worldwide, particularly in developing countries.  
The most deadly of the insect-born diseases is malaria, caused by the parasite 
Plasmodium falciparum, which is transmitted to humans by female anopheline 
mosquitoes, particularly Anopheles gambiae, during blood feeding. Malaria affects over 
400 million people and kills up to 3 million people globally each year, particularly 
children under the age of five (Marshall, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
To date malaria control relies mainly on reducing the insect vector-human target 
interaction. Insecticides have been the only choice against malaria in the past and even 
now the control of mosquitoes mainly relies on the use of insecticides and insecticide-
treated bed nets (Enserink, 2001). However, these products have severe adverse effects 
on public health and the general ecosystem, and also become ineffective after prolonged 
Figure I.1. Number of reported malaria deaths in 2010. Source: World 
Health organization. 
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use due to insecticide resistance in the targeted vector populations (Awolola et al., 2002; 
Brooke et al., 2000; Kristan et al., 2003; N'Guessan et al., 2002; Ortelli et al., 2003). 
Therefore, new approaches and methods for controlling the disease vector, mainly based 
on the use of semiochemicals, are currently being investigated (Justice et al., 2003a). 
As known for other blood-feeding arthropods, mosquitoes locate their hosts by heat, 
carbon dioxide and olfactory cues, such as lactic acid, 1-octen-3-ol and other volatiles 
produced by the host. According to such knowledge, a strategy for controlling 
mosquitoes is based on the use of mosquito attractants in “bait and kill” stations. 
However, mosquito control devices that utilize carbon dioxide, heat, light and 1-octen-3-
ol are effective on many species, except for the malaria-transmitting An. gambiae, for 
which no commercially available attractant exists. Consequently, the development of 
novel substances that could efficiently interfere with An. gambiae olfaction is one of the 
main goals pursued for reducing the spread of the malaria parasite worldwide.  
Interestingly, field and laboratory studies have shown that female An. gambiae respond to 
odours emitted from humans in order to find a blood meal and have identified a variety of 
chemical compounds in human sweat, that stimulate olfactory neurons and attract female 
mosquitoes (Cork and Park, 1996; Costantini et al., 2001; Dekker et al., 2001, 2002; 
Meijerink et al., 2001; Meijerink and van Loon, 1999; Qiu et al., 2006; van den Broek 
and den Otter, 1999). The best represented compounds include carboxylic acids (all the 
linear acid with 1 to 12 carbon atoms, isovaleric acid, 2-oxo-butanoic acid and lactic 
acid), amines (ammonia, butylamine and pentylamine) and other compounds, such as 
indole, o- and p-cresol, 1-octen-3-ol and 6-methyl-5-hepten-2-one. 
Interestingly, human sweat also contains chemicals that have been reported to act as 
repellents for mosquitoes (Logan and Birkett, 2007). Synthetic mosquito repellents are 
commercially available, the most common being DEET and Icaridin, that however should 
be used in very high concentrations (10-20%) in order to be effective. In any case, their 
mode of action remains unclear (Pellegrino et al., 2011). Recently, it has been reported 
that they also have insecticidal action, as acetylcholine esterase inhibitors (Corbel et al., 
2009). This raises some concern as to the safety of these products for humans and other 
animals. 
A number of other volatile compounds have been reported as mosquito repellents, such as 
nepetalactone, cinnanic aldehyde, citronellal, isolongifolenone and several other 
terpenoids (Zhang et al., 2009; Gu et al., 2009; Chang et al., 2006; Cheng et al., 2004), 
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but all of them, as DEET and Icaridin, are effective only at very high concentrations. The 
structural diversity of these compounds and the lack of data on their mode of action 
prevents to build a rationale for designing chemicals with improved repellency effect. 
Therefore, a better understanding of the biochemical mechanisms of olfaction is required 
to devise alternative strategies for mosquito population control. Recently, research has 
been focused on the characterization of the proteins mediating perception of 
semiochemicals in mosquitoes and other Dipteran species. 
 
 
THE CHEMOSENSORY SYSTEM OF INSECTS 
 
Insects posses sensitive chemosensory systems that can detect and discriminate among a 
great variety of chemicals. They rely on chemical communication to identify conspecifics 
and enemies, locate food sources, recognise mates, oviposition sites, etc.  
Insect chemosensilla are the main structures involved in detection of chemical, 
mechanical and thermal stimuli in the environment. Receptor neurons, associated with 
these structures, convey messages from the periphery of the insect body to the central 
nervous system, where the signals are integrated and processed. 
 
Semiochemicals of insects 
The odourous compounds, that trigger the olfactory system, are usually small 
hydrophobic molecules transported by air. This is true for air-breathing animals, such as 
insects and mammals. But in aquatic animals olfaction is stimulated by non-volatile 
compounds soluble in water, such as amino acids, glycosides and others. 
In insects, in which vision and hearing are rudimentary, intraspecific and interspecific 
communication and recognition widely depend on olfaction (Kaissling et al., 1987). 
Among the substances to which these organisms must respond are chemical signals or 
semiochemicals (from the Greek semeon, meaning mark or signal). Odorants can be 
classified into two main groups from an ethological point of view. Chemicals with an 
intraspecific function are called pheromones (from the Greek pherin, to carry and 
hormone, to excite); those with an interspecific function are called allelochemicals (from 
the Greek allelon, each other) or general odours; the latter comprise allomones, 
kairomones and synomones (Brown et al., 1970). However, some chemicals can perform 
both functions, even in the same species (Blum, 1996). Odorant molecules and 
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pheromones that are perceived by insects are small organic molecules (10–20 non-
hydrogen atoms) and are usually hydrophobic and volatile, so that can be perceived over 
long distances (Wilson, 1970; Kennedy, 1983). Others semiochemicals, however, are non 
volatile and require direct contact (contact pheromones) such as the cuticular 
hydrocarbons.  
Insect pheromones have been studied in detail and in a great number of species. 
Pheromones are chemical messengers among individuals of the same species, such as 
those used to communicate information related to sexual receptivity, alarm and tracks to 
food sources as well as to maintain developmental hierarchies in social insects (Birch, 
1974). Usually a pheromone is constituted by a mixture of chemical components, in 
specific proportions (Starratt et al., 1979; Linn and Roelofs, 1989; Tumlinson et al., 
1989, 1994).  Because they constitute a sophisticated communication language, they can 
be used to modify the behaviour of insects of economical and health importance, and 
control their populations. Though insect pheromones are chemically diverse across taxa, 
they may be broadly classified into six basic functional groups (sex, aggregation, 
dispersal, alarm, trail and maturation) based on behavioural and physiological reactions 
induced in conspecifics (Tillman et al., 1999). 
Sex pheromones, which are released to attract members of the opposite sex for mating, 
have been extensively studied, mainly in species that are agriculture pests, as a way 
alternative to insecticides to control their populations. Studies over the past three decades 
have demonstrated that insect sex pheromones are produced as multi-component blends 
in which the ratios of the individual components is precisely controlled, thus generating 
species-specific pheromone blends (Ando et al, 2004; Jurenka et al., 2003).  
The first semiochemical to be isolated and identified was the sex pheromone of the silk 
moth, Bombyx mori  (Butenandt et al., 1959). Since then, a very large number of 
pheromones have been identified in more than 1500 species (Thomson et al., 
1999 and Tillman et al., 1999). By far the most widely investigated order is that of  
Lepidoptera (Butenandt et al., 1959; Karlson and Butenandt, 1959; Kasang et al., 1978; 
Kaissling, 1979; Evans, 1984; Tumlinson, 1988; Löfstedt and Kozlov, 1997; Arn et al., 
1999; Ando et al., 2004).  
Lepidopteran sex pheromones fall into a rather homogeneous chemical class, generally 
including straight chain alcohols, aldehydes and acetates of 12-20 carbon atoms, with one 
or two unsaturations. Hydrocarbons and epoxides have also been reported among 
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lepidopteran pheromones.  
In other orders of insects, the pheromones belong to a great variety of chemical classes. 
Besides aliphatic hydrocarbons, terpenoids are very common. Mono- and sesquiterpenes 
are used as components of alarm pheromone in most aphids, termites, and ants. Terpenes 
are used by some ant species also as trail pheromones, and by bumblebees as marking 
compounds. Bark beetles and the cotton boll weevil, Anthonomus, use monoterpenoid 
compounds as attractants and aggregation pheromones. In scarab beetles there are 
unusual fatty acid derivates as !-lactones and ketones, in addition to terpenoids, phenolic 
compounds, amino acid derivates and alkaloids (Bierl et al., 1970; Leal, 1998; Leal et al., 
1999; Jurenka et al., 2003).  
Alarm pheromones are another important class of semiochemicals. They are produced in 
relatively large amounts and often are not species specific (Birch, 1974). They are usually 
small volatile molecules of 5-10 carbon atoms (Vander Meer et al., 1998), terpenoid 
ketones and aldehydes and are released from the mandibular, anal, poison, pygidial, 
Dufour’s and frontal glands (Blum, 1969; Kugler, 1979; Prestwich, 1979).  
Alarm pheromones are commonly found in social species and in insects with an 
aggregation behaviour, such as aphids and locusts (Blum, 1985(!Verheggen et al., 2010). 
Generally they are structurally simple and small with 5-10 carbon atoms and rather 
volatile (Vander Meer et al., 1998), in keeping with their function as indicators of 
impending dangers localized in time and space (Payne, 1974). Typical examples are 
terpenoid ketones and aldehydes that are released from the mandibular, anal, poison, 
pygidial, Dufour’s and frontal glands (Blum, 1969; Kugler, 1979; Prestwich, 1979).  
Insect general odours belong to a great variety of chemical classes. Allelochemicals are 
chemical messengers between species; in particular, kairomones are adaptively favorable 
to the receiver and include attractants and stimulants for insect oviposition and feeding, 
emitted by host plants (Bernays and Chapman, 1994; Bernays, 1995); allomones, instead, 
are chemical messengers that benefit the emitter and are usually defensive chemicals 
functioning as repellents or feeding deterrents. Synomones benefit both the emitter and 
the receiver. Typical examples are odours emitted by plants to attract pollinating insects, 
that are in turn rewarded with nectar. Specific studies have been aimed at the 
identification of volatile compounds released from plants, because they are involved in 
the recognition of host plants by phytophagus insects. These compounds are usually 
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hydrophobic, but relatively soluble in water, when compared to lepidopteran pheromones. 
Their size may vary from two carbon atoms, as in ethanol, to 15 carbons as in 
cariophyllene and many other terpenoid compounds (Guerin and Visser, 1980). Some 
substances are present in the majority of the plants, while others are typical of few 
families or species. The sensitivity of insects to plant general odours is generally lower 
than to specific pheromones. Such odours are also perceived with a much broader 
selectivity and often are not species-specific, as in the case of “green” compounds,  
alcohols and aldehydes of 6-9 carbon atoms (Schweitzer et al., 1976, Van der Pers, 
1981). These substances may play a relevant role in olfactory orientation, because their 
proportions can vary according to the host plant. Nevertheless, cases have been reported 
of plant odours that are detected by some insect species with olfactory thresholds as low 
as those of pheromones. Typical examples are trans-asaron for Psila rosae (Guerin et al., 
1983), propyldisulphide for Delia antiqua and Delia brassicae (Guerin and Stadler, 
1982) and "-bisabolol for Antonomus grandis (Dickens, 1984). 
In order to make use of these active chemicals and manipulate the insect’s behaviour, it is 
necessary to understand how olfactory messages are perceived by the insect and 
characterize the proteins involved in detecting and recognising chemical information. 
 
The chemosensory organs of insects 
Apart from vision and hearing, insects monitor the external environment using 
specialised organs, named sensilla. Mechano-, thermo- and hygro-sensory hairs have 
been described in addition to chemosensilla. The structures of all these organs are very 
similar: the dendrites of one or several bipolar sensory neurons of different specificity are 
housed together in a cuticular sheath; three auxillary cells at the base of the sensillum 
secrete a lymph filling the space between dendrites and cuticular wall. On the basis of 
external shape, the sensilla are classified in 10 types: ampullaceous, basiconic, 
campaniform, coeloconic, chetic, placoid, scolopidia, squamiform, styloconic and 
trichoid sensilla (Snodgrass, 1926, 1935; Schneider, 1964). In insects, odorant molecules 
and pheromones are detected by olfactory sensilla, which come in a variety of shapes 
(long and short hair-like structures, plate-like structures, single or double walls), but are 
all multiporous, bearing many small holes on the cuticular surface through which odour 
molecules can access the chemosensory neurons.  
Generally there are two sensory neurons in each olfactory sensillum, but the number can 
vary according to species, up to 20, as found in some grasshoppers. Each olfactory 
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neuron sends an axon to the brain and a dendrite inside the sensillum cavity. The cell 
body is tightly enveloped by the glia-like thecogen cell. This, in turn, is partly enclosed 
by the trichogen and the tormogen cells (Steinbrecht 1997, 1999). These three cells are 
known as auxiliary cells; they have an ontogenetic function, the construction of the 
cuticular apparatus (Ernst, 1969), besides synthesising and degrading proteins of the 
sensillum lymph (Fig. I.2).  
 
 
 
 
 
 
 
 
Adult olfactory neurons project their axons to the antennal lobes in the brain, both in 
adults (Hildebrand, 1996; Hansson et al., 2003) and in larvae (Kent and Hildebrand, 
1987; Python and Stocker, 2002).  
Olfactory sensilla are generally restricted to the head, where antennae and maxillary palps 
are the main detectors for volatile stimuli (Steinbrecht, 1992, 1997, 1999). Homologous 
structures, called contact or gustatory sensilla, detect non volatile chemicals and can be 
recognised by the presence of a single pore at the tip of the sensillum. Moreover, the 
axons of gustatory sensilla project to different areas of the nervous system, depending on 
their location. In fact, taste hairs and bristles are found not only on the mouthparts of 
insects but also on the antennae, legs, wings and even on the ovipositor (Altner and 
Prillinger, 1980; Steinbrecht, 1984). 
Among olfactory hairs, two different kinds of wall pores were distinguished by 
Steinbrecht (1969), the pore-tubule systems of single walled multiporous sensilla and the 
spoke-channel systems of double-walled multiporous sensilla. Both allow the passage of 
Figure I.2. Schematic representation 
of insect sensilla. a-c Longitudinal 
sections. d-g Transversal sections. a 
Mechanosensitive campaniform 
sensillum. b, f Gustatory sensillum; 
the dendrites of usually four taste 
neurons are exposed via a terminal 
pore. c-e Olfactory sensilla; the 
dentrites of several neurons respond 
to odours that are accessible through 
wall pores. c-d Single-walled wall 
pores sensillum. e Double-walled 
wall pores sensillum. g Termo/ 
hygrosensitive sensillum (modified 
from Steinbrecht, 1992). 
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odour molecules through the hair wall with minimal loss of water from the lumen. 
 There are two types of single-walled multiporous sensilla (Schneider and Steinbrecht, 
1968): the sensilla basiconica and the sensilla trichodea. The former are rather short, thin-
walled pegs with a high density of wall pores and many pore tubules per pore (15-20 
tubules/pore); the innervating dendrites have several branches. The sensilla trichodea are 
very long, the dendrites are essentially unbranched, and the hair wall is thicker but 
progressively turns thin toward the tip; the density of pores and pore tubules is low (3-6 
tubules/pore).  
The double-walled multiporous sensilla can be distinguished in basiconic and coeloconic, 
although many variations of these basic structures have been described. Under the light 
microscope, the sensilla coeloconica appear as tiny pointed pins standing on a conical 
elevation (in fact the name sensillum coeloconicum means pit peg). The sensilla 
coeloconica are shorter than the basiconica and taper near the tip (Steinbrecht, 1987). 
 
 
PROTEINS MEDIATING CHEMORECEPTION IN INSECTS 
 
Recent research has shown that three classes of proteins are required for a correct 
functioning of the olfactory system in insects, membrane-bound olfactory receptors 
(ORs), so-called SNMP (sensory neuron membrane protein) whose specific mode of 
action is still unclear, and soluble odorant-binding proteins (OBPs). Experiments have 
demonstrated that silencing genes encoding proteins of each of these three classes 
abolishes or modifies electrophysiological and/or behavioural response of insects to 
olfactory stimuli (Ha and  Smith, 2006; Xu et al., 2005; Benton et al., 2007; Vogt et al., 
2009; Xin et al., 2008). Olfactory receptors, belonging to the family of 7-helices 
transmembrane proteins, have been regarded as the biochemical elements responsible for 
detecting and discriminating olfactory stimuli (Clyne et al., 1999; Vosshall et al., 1999; 
Allison et al., 2010).  
In insects, two main classes of polypeptides have been identified in the lymph of 
chemosensilla, odorant-binding proteins (OBPs) and chemosensory proteins (CSPs). 
OBPs are believed to be mainly involved in olfaction, CSPs in contact chemodetection 
(Picimbon, 2003), but this is far from being a general rule. Both OBPs and CSPs are 
small, water soluble proteins, expressed in the auxillary cells of chemosensilla and 
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secreted into the aqueous fluid surrounding the neuron dendrites at concentrations as high 
as 10 mM (Vogt et al., 1991). Such high concentration and their rapid turnover (the 
content of the sensilla is completely replaced in two days) suggest an important role in 
chemoreception. Further support comes from the highly differentiated olfactory system 
with several types of chemosensilla expressing different sub-classes of soluble proteins. 
 
 
 
 
 
 
 
 
According to the current view, binding of odorant molecules directly to ORs or through 
cooperation of OBPs initiates a series of events leading to depolarization of the olfactory 
neurons. SNMP are also membrane proteins belonging to the family of two 
transmembrane helical domains. There are generally only one or two genes encoding 
such proteins in each insect species and their role still remains unclear. Figure I.3 
summarizes these models of odour detection. 
 
Olfactory and gustatory receptors 
Olfactory receptors were first identified in vertebrates, specifically in the olfactory 
ephitelium of the rat, using a molecular biology approach (Buck and Axel, 1991). These 
receptors present seven transmembrane domains and belong to the family of the G-
protein coupled receptors (GPCRs). At least in vertebrates, there is evidence that each 
neuron expresses a single type of ORs. Soon after, ORs were reported in other species of 
mammals, as well as in other vertebrates, such as fishes, amphibians and birds (Freitag et 
al., 1998; Mombaerts et al., 1999). These genes are well conserved across vertebrates; in 
fact, catfish receptors were identified using PCR primers designed on rat OR sequences 
(Ngai et al., 1993).  
Figure I.3. Proteins involved in 
olfactory detection in insects. Odorant-
binding proteins (OBPs), membrane-
bound olfactory receptors (ORs) and 
Sensory neuron membrane protein 
(SNMP) have been shown to be 
required for a correct functioning of the 
olfactory system. According to the 
model depicted in the figure, OBPs bind 
odorant molecules in the sensillum 
lymph (A), then, following a major 
conformational change, handle them to 
the OR or SNMP (B), and finally act as 
scavenger, assisting in the rapid 
termination of the signal.  
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 Three classes of unique GPCR genes (V1R, V2R and V3R) have also been reported in 
the mouse vomeronasal organ (VNO), a distinct nasal epithelium whose neuronal axons 
project to a second olfactory bulb (Dulac and Axel, 1995; Herrada and Dulac, 1997; 
Matsunami and Buck, 1997; Ryba and Tirindelli, 1997; Zufall et al., 2002).  
Olfactory receptors belonging to the same GPCRs family are also present in the nematode 
Caenorhabditis elegans (Troemel et al., 1995; Sengupta et al., 1996; Wes and Bargmann, 
2001). Analysis of the fully sequenced C. elegans genome indicates the presence of 
nearly 800 genes of functional GPCR chemoreceptors (Robertson, 2000). 
In insects, the identification of olfactory receptors was accomplished only when the 
genome of Drosophila melanogaster became available, using a bioinformatic approach. 
In this species at least 61 candidate OR genes (Dor) (Clyne et al., 1999; Gao and Chess, 
1999; Vosshall et al., 1999, 2003) and 69 candidate gustatory receptor genes (GR) (Dgr) 
have been detected (Clyne et al., 2000; Dunipace et al., 2001; Scott et al., 2001), all 
members of the GPCR family. As the genomes of other species became available, more 
information have been obtained, indicating that in insects the number of these genes is 
generally in the order of a few dozens, much lower that the several hundreds of 
mammals. Table I.1 reports such data relative to selected species of insects. Noteworthy 
is the case of Apis mellifera, where a large expansions of the OR genes has been 
observed, together with a drastic reduction of GR genes (Robertson et al., 2006).  
 
Table I.1. Number ol olfactory receptors (ORs) and gustatory receptors (GRs) in insect species, 
whose genomes have been sequenced. 
Species ORs GRs References 
Drosophila 
melanogaster 61 69 
Clyne et al., 1999; Gao & Chess, 1999; Vosshall et al., 1999, 
Clyne et al., 2000; Dunipace et al., 2001; Scott et al., 2001 
Anopheles 
gambiae 79 76 Fox et al., 2001, 2002; Hill et al., 2002; Vosshall & Keller, 2003 
Aedes 
aegypti 131 88 Bohbot et al., 2007 
Bombyx mori 41 65 Wanner et al., 2007; Wanner & Robertson, 2008 
Apis 
mellifera 170 10 Robertson et al., 2006 
Tribolium 
castaneum 26 62 Abdel-latief , 2007 
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Insect odorant receptors (Ors) are atypical 7-transmembrane domain proteins that form 
ligand-gated ion channels by assembling a ligand-selective subunit with a common 
olfactory coreceptor (Nakagawa et al. 2005; Sato et al. 2008; Wicher et al. 2008). 
The Or gene family is reported to be an insect-specific adaptation (Robertson et al. 2003) 
and orthologue genes have not been identified in any non-insect genomes (Penalva-Arana 
et al. 2009).   
One of the insect olfactory receptors, previously named OR83b and now called Orco 
(olfactory receptor coreceptor) is highly conserved and is associated with most other ORs 
forming heterodimers (Krieger et al., 2003; Jones et al., 2005; Sato et al., 2008), that 
function as ion channels (Figure I.3). Another unusual feature of insect olfactory 
receptors is their reversed topology, with their amino terminal inside the cell and the 
carboxy group outside. (Benton et al, 2006; Vosshall and Hansson, 2011). 
Olfactory receptors have been functionally expressed in different cell systems and their 
responses to odours has been measured. These responses become stronger and more 
specific when the Orco co-receptor is also expressed in the same cells (Nakagawa et al., 
2012). 
 
Odorant-binding proteins 
Diversity of Odorant-binding proteins 
In insects, odorants and pheromones on their way to the membrane-bound receptors have 
to cross the sensillar lymph, filled with a concentrated solutions of small soluble proteins. 
Odorant-binding proteins (OBPs) are the best studied since the discovery of the first 
member of this family in the giant moth Antheraea polyphemus (Vogt and Riddiford, 
1981). A ligand-binding approach was adopted in that study, using the radioactive 
specific pheromone, hexadecadienyl acetate, to search for proteins that would show 
affinity for this compound. This protein, named PBP (pheromone-binding protein) is 142 
amino acid long with an isoelectric point of 4.7 (Raming et al., 1989). 
A great number of proteins similar in their amino acid sequences to the PBP were later 
identified in many lepidopteran species, Lymantria dispar (Vogt et al., 1989), Manduca 
sexta (Györgyi et al., 1988), Bombyx mori (Maida et al., 1993; Krieger et al., 1996) and 
many others (Vogt 2003, 2005; Wanner et al., 2004).  
On the basis of sequence similarity, OBPs of Lepidoptera have been classified into three 
main classes. PBPs (Pheromone-binding Proteins) are preferentially expressed in 
pheromone-sensitive sensilla, GOBPs (General Odorant Binding Proteins) are mainly 
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found in sensilla basiconica, that generally respond to plant odours (Steinbrecht, 1992a, 
Steinbrecht et al., 1995; Laue et al., 1994; Zhang et al., 2001), and a third class of OBPs, 
named ABPs (Antennal Binding Proteins) (Krieger et al.,1996).  
At the beginning, the study of OBPs was limited to Lepidopteran species. This allowed a 
rather easy classification of such proteins, due to the high similarities of their sequences 
across species. When sequences of OBPs from insects of different orders became 
available, it appeared that these proteins can be in fact very divergent. As an example, the 
first OBPs of Drosophila to be reported shared with those of Lepidoptera around 15% of 
their residues (McKenna et al., 1994; Pikielny et al., 1994). In the last few years, also 
thanks to the information obtained from genome sequencing, several hundreds OBPs 
have been identified and cloned from more than 40 insect species, belonging to 10 
different orders (Pelosi et al., 2006; Zhou et al., 2010). What all these proteins have in 
common is a pattern of six cysteines, whose relative positions are well conserved across 
all insect orders. Such pattern has become a “signature” for recognising insect OBPs. For 
some of these polypeptides it has been experimentally demonstrated that the six cysteines 
are paired in three disulphide bridges in an interlocked fashion (1-3, 2-5 and 4-6) (Scaloni 
et al., 1999; Leal et al., 1999). This arrangement confers compactness and great stability 
to the protein (Sandler et al., 2000; Tegoni et al., 2004). Adaptive evolution in diverse 
habitats with diverse odor molecules has resulted in a large OBP family with variant 
proteins (Hekmat-Scafe et al., 2002). Insect OBPs are highly divergent across different 
orders, with less than 20% identity between different insect genera (Zhou et al., 2010), 
most likely the consequence of a strong evolutionary pressure to differentiate sex 
pheromones and their binding proteins, in order to avoid cross-mating between species. 
Moreover, large differences are also observed between OBPs of the same species, a fact 
indicating adaptation of these proteins to the structural variety of semiochemicals. 
The species endowed with the largest repertoire of OBPs are found among Diptera, with 
as many as 60-70 genes encoding such proteins in their genomes. These species also 
present the greatest variety of OBPs, differing in length and in the number of cysteins. 
Accordingly, we can distinguish classic OBPs, presenting the typical six-cysteine 
signature and including Lepidopteran PBPs, GOBPs, and ABPs; tandem OBPs, 
constituted by two classic OBP sequences linked by a bridge of few amino acids; C-plus 
OBPs, containing more cysteines in addition to the six of the conserved motif; C-minus 
OBPs, presenting only four of the six conserved cysteines, and atypical OBPs, with a 
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variable number of additional cysteines and generally a longer C-terminus: proteins of 
this last group are only found in blood-sucking insects  (Hekmat-Scafe et al., 2002; Xu et 
al., 2003; Riviere, 2003; Zhou et al., 2004a,b; Vieira et al., 2007).  
 
Structure of Odorant-binding proteins 
Insect OBPs are mainly folded in #-helical domains, arranged in a compact globular 
structure, with a binding cavity for hydrophobic ligands (Sandler et al., 2000). The 
structure is further stabilised by the presence of three interlocked disulphide bridges (C1-
C3, C2-C5, C4-C6), as reported above (Scaloni et al., 1999; Leal et al., 1999).  
The first structure, that of the PBP1 of the silk moth B. mori is also the most extensively 
studied both by X-ray diffraction spectroscopy (Sandler et al., 2000) and in solution, 
using NMR techniques (Damberger et al., 2000; Horst et al., 2001). The architecture of 
this protein is made of six #-helices, connected by short segments of random coils. 
Helices #1, #4, #5 and #6 form a “binding pocket” and helix #3 closes one end of this 
pocket. The molecule of bombykol, the specific pheromone and likely its natural ligand, 
is bound in this cavity by numerous hydrophobic interaction, whose access requires some 
conformational changes. 
Figure I.4 shows the structure of the B. mori PBP1 complexed with a molecule of 
bombykol. The binding of the pheromone to the protein is due to specific forces and does 
not represent the results of general hydrophobic interactions (Klusak et al., 2003). The 
structure of the protein at neutral pH without ligands has been found to be identical with 
that of the complex PBP/bombykol. Therefore, any conformational change allowing the 
ligand to enter the binding cavity would not be detectable once the complex was formed 
(Lee et al., 2002). 
 
 
 
 
 
 
 
Figure I.4. Three-dimensional 
structure of the PBP of B. 
mori. (A) The protein present a 
hydrophobic pocket, where a 
molecule of bombykol can be 
accommodated. (B) At low 
pH, the C-terminus folds into a 
seventh a-helix that fits into 
the binding cavity, thus 
chasing out the molecule of 
bombykol.  
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An interesting phenomenon has been observed with the B. mori PBP1. At pH 4.5 the 
protein undergoes a drastic conformational change: the C-terminus of the protein, not 
structured at neutral pH, assumes the conformation of an #-helix and fits inside the 
binding cavity, chasing the pheromone out of the protein (Damberger et al., 2000). It has 
been proposed that such mechanism might occur in the proximity of the dendritic 
membrane, triggered by the lower pH of the phospholipid layer, thus presenting the 
bound pheromone to the membrane olfactory receptor (Horst et al., 2001). This pH 
switch could operate thanks to a number of acidic residues located in the C-terminus of 
the protein. At neutral pH, the negative charges present on these amino acids would keep 
them well distant from one another, thus preventing the formation of structural motives. 
At pH 4.5, close to the pK of a carboxyl group, such charges are not present any longer, 
thus allowing the folding of the last segment of the protein into a seventh #-helix. A 
molecule of PBP1 in this conformation is also reported in Figure I.4. Such mechanism, 
however elegant and appealing, has been questioned on the basis that the pH drop in the 
proximity of the membrane can be only observed at distances so small not to be perceived 
by the protein (Gong et al., 2009).  
The structure of B. mori PBP1 was soon followed by OBPs of other Lepidopteran, as 
well as several from insects of other Orders, solved through X-ray or NMR spectroscopy. 
To date, 15 three-dimensional structures of insect OBPs are available, as reported in 
Table I.2.  
The availability of a number of OBP structures showed that the conformational change 
observed with the PBP1 of B. mori could apply to few other OBPs of similar structures, 
as in the case of the PBP1 of the giant moth Antheraea polyphemus, resolved in solution, 
as a complex with the specific pheromone at pH 6.3 using NMR spectroscopy (Mohanty 
et al., 2004). A conformational change, similar to that observed for the PBP of B. mori, 
has been observed also with this protein (Zubkov et al., 2005; Leal et al., 2005a). 
The pH switch requires the presence of ionizable residues on the C-terminus of the 
protein. In fact, other lepidopteran proteins, which do not present the same arrangement 
of acidic residues, apparently do not undergo the conformational change exhibited by the 
PBP1 of B. mori. This is the case of OBP7 of Helicoverpa armigera, whose affinity for 
the ligand N-phenyl-1-naphthylamine is not significantly affected by pH between 3.5 and 
7.4, nor by removal of the C-terminal segment (Sun et al., 2013). 
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Table I.2. Odorant-binding proteins, whose structure has been solved by X-ray crystallography or 
in solution by NMR. 

Other proteins also revealed different modes of action. The PBP of the cockroach 
Leucophea maderae (Lartigue et al., 2003), as an example, does not present the C-
terminus common to lepidopteran OBPs, being 19 residues shorter than BmorPBP. 
Therefore, the formation of a seventh #-helix interacting with the binding site could not 
occur in this protein. Interestingly, components of the pheromonal blend of Leucophea 
maderae, such as 3-hydroxy-butan-2-one are much more hydrophilic than moth 
pheromones and bind the PBP with good affinity (Lartigue et al., 2003).  
 
 
 
 
 
 
 
 
 
 
Figure I.5. Three-dimensional structure of the 
PBP of L. maderae. This protein shows a 
folding similar to that of the B. mori PBP, but 
presents a truncated C-terminus and cannot 
undergo the conformational change described 
for the latter PBP. 
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This suggests that in such case the hydrophilic pheromone could be easily released and 
presented to the membrane-bound receptor without need of an active mechanism. Thus, 
the absence of the amino acid stretch corresponding to the seventh helix together with an 
hydrophilic ligand suggests that an alternative mechanism of direct ligand release might 
be active. Figure I.5 shows the three-dimensional structure of the PBP of L. maderae. 
The structure of LUSH, an OBP of Drosophila melanogaster (Kruse et al., 2003), 
presents a C-terminus of intermediate length between the long one of Lepidopteran and 
the short one of the cockroach. As a results, the C-terminus cannot form the seventh 
helix, but is folded back as a lid on the opening of the binding site. The authors have 
crystallised LUSH in the presence of small alcohols that have been found to occupy the 
binding cavity. However, binding assays in solution have measured good affinity only to 
large aromatic molecules. It has been proposed that in order to let such ligands enter the 
binding cavity, a conformational change involving the C-terminus of the protein should 
occur (Zhou et al., 2004a). The amino acid sequences of BmorPBP1, DmelLUSH and 
LmadPBP, as examples of long, medium and short OBPs, are compared in Figure I.6. 
 
 
 
 
A protein similar to LUSH, in this respect is the ASP1 of the honeybee Apis mellifera, 
that also present a C-terminus of intermediate length and folds back on the cavity as a lid  
(Lartigue et al., 2004). 
Finally, the structure of Anopheles gambiae OBP1 reveals a unique binding pocket that 
forms a tunnel running through two subunits of an OBP1 dimer (Wogulis et al., 2006). 
 
Figure I.6. Examples of classic OBPs differing in the length of the C-terminal segment. The 
B. mori PBP1 presents a “long” C-terminus, that can fold back into the binding pocket. In 
medium length OBPs, such as LUSH of D. melanogaster, the C-terminus could form a sort of 
lid on the binding cavity, while shorter proteins, as the PBP of L. maderae, present the 
binding pocket open at the C-terminus.   
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Function of Odorant-binding proteins 
OBPs have been regarded for longtime as passive carriers of semiochemicals, that, owing 
to their hydrophobic nature, need to be solubilized in the aqueous medium of the sensillar 
lymph. However, their large number in each insect species and their exceptional 
divergence across species suggested a more specific function. Moreover, ligand-binding 
experiments have shown specific affinities of each OBP to selected semiochemicals.  
Early experiments addressed the role of OBPs by replacing the sensillum lymph in 
pheromone-responding sensilla in A. polyphemus and B. mori with different PBPs. 
Electrophysiological recording showed that the response depended not only on the type 
of receptor housed in the sensillum, but also on the PBP present in the lymph (Pophof, 
2002, 2004). 
The first report of an active process following binding of a ligand to an OBP was that 
relative to the drastic conformational change of the PBP1 of B. mori, reported above 
(Damberger et al., 2000). This observation suggested that OBPs would act as specific 
carrier of semiochemicals delivering them to the correct ORs. Interactions of odorants 
with OBPs is assumed to affect the perception of semiochemicals in insects.  
However, OBPs were regarded as important tools in insect chemoreception only after 
knock-out experiments demonstrated that these proteins are required for a correct 
detection of the male pheromone vaccenyl acetate in D. melanogaster (Xu et al., 2005). 
Other studies have investigated the contribution of OBPs in the recognition of specific 
odour messages in behaviour assays (Matsuo et al., 2007; Swarup et al., 2011; Sun et al., 
2012a; Qiao et al., 2009). The unusual attraction of Drosophila sechellia to the 
distinctive smell of a tropical plant Morinda citrifolia otherwise repulsive for other 
Drosophila species, has been related to two specific OBPs. Exchanging the genes 
encoding these proteins between D. sechellia and other Drosophila species, the behaviour 
of these species towards the smelly plant resulted strongly modified, sometimes reaching 
opposite results with respect to the wild types (Matsuo et al., 2007). Another work 
addressed the same issue in a more general way studying the behaviour to the same set of 
odours of a number of mutants of D. melanogaster, each defective in a specific OBP 
gene. Again, this work clearly demonstrated that the lack of a single gene encoding OBP 
is enough to upset the olfactory performance of the fly (Swarup et al., 2011). A research 
performed with two species of aphids has provided evidence that two OBPs, out of the 
dozen that represent the total repertoire of these proteins in aphids, are involved in the 
recognition of the alarm message conveyed by the specific pheromone !-farnesene (Sun 
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et al., 2012a; Qiao et al., 2009).  
Finally, a conformational change involving a single amino acid residue in the structure of 
LUSH has been proposed as responsible for triggering a specific interaction of this 
protein with the membrane-bound olfactory receptor (Laughlin et al., 2008). In fact, flies 
engeneered with a mutant version of LUSH, which mimicks the conformation of the 
complex with the pheromone, have been reported to permanently activate the specific 
olfactory receptor (Laughlin et al., 2008). 
 
Chemosensory proteins  
Chemosensory proteins are a second class of soluble binding proteins, as OBPs, highly 
concentrated in the lymph of chemosensilla. 
At the beginning, their role in chemoreception had not been recognised. In fact, the first 
member of this family was reported in connection with limb regeneration in the 
cockroach (Nomura et al., 1992; Kitabayashi et al., 1998). CSPs were also detected in the 
chemosensilla of the fruit fly Drosophila melanogaster, called OS-D or A-10, in two 
indipendent papers dealing with the discovery of OBPs in Drosophila, but no hypotheses 
on its function were formulated (McKenna et al., 1994; Pikielny et al., 1994).  
Later, proteins bearing sequence similarity to OS-D were isolated from the sensory 
organs of some Phasmids species and indicated as a second class of soluble proteins 
mediating insect chemoreception (Tuccini et al., 1996; Mameli et al., 1996; Marchese et 
al., 2000).  
Such hypothesis was confirmed by the isolation of homologous proteins in the desert 
locust and their ligand-binding properties and immunocytochemical localisation in the 
lymph of chemosensilla, in particular one-pore taste sensilla (Angeli et al., 1999). On this 
basis, the general name of chemosensory proteins (CSPs) was proposed for this class of 
polypeptides, to comprise roles in both olfaction and taste. CSPs have since been isolated 
and cloned in several insect species, belonging to different orders, such as Lepidoptera 
(Maleszka and Stange, 1997; Nagnan-Le Meillour et al., 2000; Picimbon et al., 2000a; 
Robertson et al., 1999; Jacquin-Joly et al., 2001; Dani et al., 2011), Hymenoptera (Danty 
et al., 1998; Briand et al., 2002; Ishida et al., 2002), Blattoidea (Kitabayashi et al., 1998; 
Picimbon and Leal, 1999; Riviere, acc. no. AY116616), Orthoptera (Picimbon et al., 
2000b; Ban et al., 2003b; Zhou et al., 2012).!!
!
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Other sequences encoding putative CSPs have been obtained from the analysis of the 
completed genomes (Wanner et al., 2004; Vieira and Rozas, 2011). 
CSPs are smaller than OBPs with 100-120 residues and bear no sequence similarity to 
OBPs. They present a conserved motif of four cysteines linked by disulphide bridges 
between adjacent residues (Angeli et al., 1999). Unlike OBPs, such arrangement does not 
contribute to the stability of the protein, but only results in the presence of two small 
loops, of 8 and 4 residues respectively. In general, CSPs are better conserved than OBPs 
with often 40-50% of identical residues even between members of different orders. It is 
interesting to observe that some regions of the protein are well conserved, while others 
can be highly divergent. A comparative analysis of 70 gene sequences encoding CSPs in 
different insect species has been published (Wanner et al., 2004; Vieira and Rozas, 2011). 
As reported for OBPs, several sub-classes of CSPs are also expressed in the same species, 
with isoforms in each sub-class. However, the number of CSPs may greatly vary between 
species. For example, the moth B. mori contains 20 CSP genes in its genome (Gong et 
al., 2007), while only 4 genes are present in the genome of D. melanogaster (Wanner et 
al., 2004) and 6 in that of A. mellifera (Foret et al., 2007). By contrast, at least 70 genes 
encoding CSPs have been reported in the oriental locust Locusta migratoria (Zhou et al., 
2012).  
Unlike the large amont of information available on the three-dimensional folding of 
OBPs, only three structures of CSPs have been solved, those of Mamestra brassicae 
(Lartigue et al., 2002), Schistocerca gregaria (Tomaselli et al., 2006) and B. mori (Jansen 
et al., 2007). CSPs are mainly constituted by "-helical domains arranged in a compact 
structure that encloses a binding cavity for hydrophobic ligands. In this respect, they are 
similar to insect OBPs, and, like OBPs, are extremely stable to temperature (Ban et al., 
2002). However, the overall architecture is very different in proteins of the two families.  
In the structure of of M. brassicae CSP (Figure I.7) helices A and B, on one side, and D 
and E, on the other side, form two V-shaped structures 12 Å apart,whereas helix C is 
perpendicular and in between them. The C-terminal helix F is packed against the external 
face of the D-E helices,and does not take part in the core assembly (Lartigue et al., 2002). 
About 40% of its residues are charged and located on the surface of the protein, 
accounting for the unusually high solubility of these polypeptides.  
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The ligand-binding cavity is a narrow channel whose bottom of this channel is closed by 
a tyrosine residue, that however can be easily rotated, thus extending the lenght of the 
cavity to 20 Å. An exceptional swelling of the protein has been observed upon bindiing 
of 12-bromododecanol resulting in three molecules of this ligand fitting in the binding 
cavity (Campanacci et al., 2003), as shown in Figure I.7.  
The structures of the other two CSPs are very similar, suggesting that proteins of this 
family might be better conserved than OBPs also relative to three-dimensional folding. 
Although the remarkable conservation in amino acid sequence across species does not 
indicate a strong ecological pressure, as observed with OBPs, and seems to rule out a 
function of CSPs in detecting semiochemicals, several pieces of evidence suggest that, at 
least in some cases, CSPs might well be involved in chemosensing. In fact, they are 
expressed in chemosensilla (Angeli et al., 1999; Monteforti et al., 2002; Zhou et al., 
2009), they bind pheromones, as reported for ASP3 of A. mellifera (Briand et al., 2002) 
and in some wasp and ant species they have been shown to be exclusively expressed in 
antennae (Calvello et al., 2003; Calvello et al., 2005; Ishida et al., 2002). 
Another feature of CSPs is that they are often not antennal specific, but also expressed in 
other parts of the body. In fact they have been found in tissue that lack gustatory and 
olfactory sensilla (Kitabayashi et al., 1998; Sabatier et al., 2003). CSPs have been also 
described in pheromone glands of the lepidopteran Mamestra brassicae, where they 
could assist release of pheromones in the environment (Jacquin-Joly et al., 2001). This 
function was also proposed for a CSP discovered in the ejaculatory bulb of D. 
Figure I.7. Left picture: three-dimensional structure of the CSP of M. brassicae 
complexed with three molecules of 12-Br-dodecanol. The binding process involves 
major conformational changes in the proteins, that swells in order to accommodate three 
molecules of this large ligand. In the right picture the folding of the complexed CSP 
(red) is compared with that of the apo-protein (blue). 
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melanogaster, the site of production of the male pheromone vaccenyl acetate (Dyanov 
and Dzitoeva, 1995). Seven different CSPs have been identified at the protein level in the 
pheromone glands of the silk moth B. mori, together with a single OBP (Dani et al., 
2011). More recently, in the migratory locust 17 CSPs have been identified in female 
reproductive organs, where they represent most of the low molecular weight protein 
content (Zhou et al., 2012).!
Another member of this family, involved in development, is CSP5 of the honeybee, 
whose transcript was only detected in ovaries and eggs. Using RNAi experiments, this 
gene was shown to be involved in embryonic tegument formation (Maleszka et al., 2007). 
A third example of a protein of this family not involved in chemical communication is the 
CSP3 of Locusta migratoria, formerly named CSP-I-2 (Ban et al., 2003b), that mediates 
the physiological and behavioural transition from the solitary to the gregarious phase 
(Guo et al., 2011).  
The phenomenon of proteins involved both in olfaction and in delivery of 
semiochemicals is well documented in mammals, such as mice and pigs that utilise the 
same OBPs in their olfactory organs to detect pheromones, and in urine or saliva, 
respectively, to release the same molecules in the environment (Bacchini et al., 1992; 
Cavaggioni and Mucignat-Caretta, 2000; Marchese et al., 1998; Tegoni et al., 2000). As 
for a role in development, very likely binding proteins, such as CSPs and OBPs, may not 
be directly responsible for the observed effect, but could act as carriers of hormones and 
other regulatory compounds. Often, the structures of such chemicals are not markedly 
different from those of some pheromones or chemicals occurring in nature. For example, 
the two major hormones involved in insect development, juvenile hormone and ecdysone, 
are similar in structure to common ligands for these proteins, such as terpenoids and 
steroids, respectively.  
Taken together, the information so far available for CSPs suggests that these proteins are 
involved in at least three physiological functions: (a) chemodetection, (b) release of 
semiochemicals, (c) development. This diversity of tasks within a well defined and 
conserved class of proteins is not surprising, as other examples are known in biology of 
proteins that, owing to their success as stable and efficient tools, have been adopted for 
different roles. The best example of a multitask family of proteins is that of lipocalins, 
also small soluble polypeptides performing a large number of different functions, most of 
them however, involving reversible binding of organic molecules (Flower, 1996).  
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Ligand-binding properties of OBPs and CSPs 
The property of reversibly binding small organic compounds, such as pheromones and 
other semiochemicals, is the main characteristic of OBPs and CSPs and provides essential 
information for understanding their physiological function. Given the tiny amounts that 
can be obtained directly from natural sources, most of the binding assays with insect 
OBPs and CSPs have been performed with proteins expressed in heterologous systems It 
is generally accepted, however, that recombinant proteins, should present the same 
structures and properties as the native ones. In fact, both OBPs and CSPs do not carry 
post-translational modifications apart from the establishment of disulfide bridges (Angeli 
et al., 1999; Marchese et al., 2000; Calvello et al., 2003). Moreover, it has been 
experimentally demonstrated that such bridges form spontaneously in the same pattern 
observed in the natural proteins, even when the protein has been solubilised through a 
process of denaturation and refolding  (Ban et al., 2003a; Calvello et al. 2003).  
Different approaches have been adopted to demonstrate the formation of a complex 
between protein and ligand, and to measure the relative dissociation constants. Each 
method presents advantages and drawbacks. 
To identify the first OBP of insects, Vogt and Riddiford (1981) analysed an antennal 
extract, previously incubated with the tritium-labelled pheromone, (E,Z)-6,11-
hexadecadienyl acetate, by native gel electrophoresis, followed by autoradiography. This 
method has been adopted in other investigation, either in the original form or with 
modifications. For example, an alternative to autoradiography is slicing the gel into thin 
horizontal sections after the electrophoretic run, and count them for radioactivity 
(Ziegelberger, 1995; Maibeche–Coisne et al., 1997; Maida et al., 2003). These methods, 
however, do not allow estimation of the dissociation constants and present the drawback 
that often the great majority of the radioactivity is lost during the electrophoretic run. 
A simpler and more reliable alternative uses the measurement of fluorescence, that allows 
to work in equilibrium conditions and has been successfully applied to OBPs and CSPs 
(Campanacci et al., 2001, Ban et al., 2002). The technique is based on the fact that the 
emission spectrum of a fluorescent probe undergoes a blue shift and generally an increase 
in intensity upon binding into a hydrophobic pocket of a protein. For example, the 
emission spectrum of N-phenyl-1-naphthylamine (1-NPN) in aqueous medium present a 
maximum around 480 nm, while in the presence of a binding protein the maximum is 
shifted at 405-410 nm (Figure I.8).  
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This method, when applicable, presents the unique advantage of allowing binding 
measurements at the equilibrium. In some cases, when a suitable probe is not available, 
the intrinsic fluorescence of tryptophan can be measured to monitor the presence of a 
ligand, provided that a tryptophan residue is positioned in the binding pocket and that its 
interaction with the ligand appreciably affects its fluorescence properties. Typically, 
aromatic ligands are good quenchers, but also bromo derivatives of potential ligands have 
been used successfully (Ban et al., 2002; Campanacci et al., 2003). The most widely used 
probes are 1-aminoanthracene (1-AMA) and N-phenyl-1-naphthylamine (1-NPN), both 
previously employed in binding experiments with vertebrate OBPs.  
Most binding experiments indicate broad specificities and moderate affinities, with 
dissociation constants in the micromolar range, of both OBPs and CSPs even towards 
species-specific pheromones. For instance, the PBP1 of M. brassicae binds all three 
components of the pheromone (Z)11-hexadecenol, (Z)11-hexadecenal and (Z)11-
hexadecenyl acetate with dissociation constants between 0.17 and 0.29 µM (Campanacci 
et al., 2001), but also fatty acids also bind equally well to this protein. Similarly, the 
PBP1 of the moth A. polyphemus, binds with similar strengths the specific pheromone 
and a series of structurally related compounds, as well as pheromones of other 
Lepidoptera. In a few cases, however, better selectivity has been observed, a typical 
example being the OBP of the paper wasp, P. dominulus, which specifically binds 
oleoamide with a much lower dissociation constant than its trans isomer, elaidic amide 
(Calvello et al., 2003). The PBP of the cockroach L.  maderae is particularly interesting 
for the fact that it is the only insect OBP so far reported to bind a hydrophilic ligand, 3-
hydroxy-butan-2-one, a component of the pheromonal blend for this species (Riviere et 
Figure I.8. Binding of small ligands to 
OBPs can be measured using fluorescent 
probes, such as N-phenyl-1-
naphthylamine, whose structure is 
shown. This compound, when excited at 
337 nm presents a weak fluorescence 
with a peak around 480 nm. In the 
presence of a binding protein, the 
intensity of fluorescence increases 
several times and the emission peak 
undrgoes a shift at lower wavelengths 
(405-410 nm). 
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al., 2003). It is notheworthy the fact that only a closely related compound, butane-2,3-
diol binds to the protein with comparable strength, while other components of the 
pheromonal blend (3-methyl-2-butenoic acid and (E)-2-octenoic acid), as well as other 
organic compounds failed to show any measurable affinity. A recently described binding 
protocol for OBPs involves the separation of the complex from the free ligand by rapid 
ultrafiltration and evaluation of the bound ligand following extraction using GC/MS 
analysis (Leal et al., 2005b). This method presents the advantage that it can be applied to 
mixtures of organic compound, all incubated at the same time with the protein, allowing 
the identification of the best ligands in a single experiment. However, it cannot be used 
for determination of dissiociation constants. 
To address the question whether OBPs could discriminate between similar ligands and 
perhaps act as signalling proteins, an interesting study looked for conformational changes 
of the protein during ligand binding. Using circular dichroism measurements, the Authors 
monitored the secondary structure of two PBPs of A. polyphemus upon binding the 
pheromone components. The interesting result was that although both proteins bind 
equally well all three components of the pheromonal blend, only one of them produced a 
conformational change in any given protein. The conclusion of this study was that OBPs 
can exhibit a higher selectivity when studying the phenomenon of binding at the 
microscopic level (Mohl et al., 2002). In the light of more recent studies on 
conformational changes observed for some OBPs of Lepidoptera and the D. 
melanogaster LUSH, these early experiments already suggested that pheromone 
recognition and discrimination requires not only binding of the ligand to the protein, but 
also a conformational change, that most likely triggers interation of the complex with the 
membrane-bound pheromone. 
Fewer binding data have been published for CSPs with respect to OBPs, using both 
radioactive and fluorescent probes. Generally, a broader selectivity has been observed 
with respect to OBPs, but few examples indicate that CSPs could be more narrowly tuned 
to specific semiochemicals, taking active role in olfaction. This could be the case of the 
CSP of the paper wasp P. dominulus – as was the case for the OBP of the same species 
mentioned above – exhibited a significant specificity towards amides of 16-18 carbon 
fatty acids (Calvello et al., 2003). Similarly, the honeybee CSP, ASP3c, that is expressed 
in drones, selectively binds fatty acid ester, components of the brood pheromone (Briand 
et al., 2002). This work used a novel probe, 12-(9-anthroyloxy)stearic acid (ASA), a large 
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molecule containing the fluorescent moiety of anthracene attached to a long fatty acid 
chain, mimicking the protein’s ligands. Finally, it has been suggested that cuticular 
hydrocarbons might represent the ligands for one of the CSPs of the carpenter ant 
Camponotus japonicus (Ozaki et al., 2005). This protein is expressed in a single type of 
sensilla that responds to blends of cuticular hydrocarbons and mediates recognition of 
nest mates. The CSP described in this paper showed no specificity for any single 
components of the hydrocarbon blend, but reproduced the pattern of the original mixture 
in the bound fraction.  
 
 
CHEMORECEPTION PROTEINS IN MOSQUITOES 
 
The study of the olfactory system of mosquitoes at the molecular level has been recently 
the object of active research. Most have been concentrated on the two major groups of 
olfactory proteins, odorant binding proteins (OBPs) and odorant receptors (ORs), 
responsible for detecting and recognising host odours and pheromones. The genome of 
the main malaria vector An. gambiae contains 79 genes encoding putative olfactory 
receptors and 76 encoding gustatory receptors (Fox et al., 2001, 2002; Hill et al., 2002; 
Vosshall and Keller, 2003). 
In a comprehensive functional analysis, Carlson and co-workers co-expressed 72 ORs in 
Xenopus oocytes with the common receptor Orco and  were able to measure electrical 
responses from 37 of them, when stimulated with a collection of 88 odorants, including 
several volatiles produced by the human body  (Allison et al., 2010; Wang et al., 2010). 
Concentration of ligands that produced half-saturation responses were generally in the 
order of  micro- to nanomolar. Some receptors were found to be narrowly tuned to 
specific chemicals, while others exhibited a broad spectrum of response. These results 
indicate possible targets for disrupting the olfactory system of mosquitoes with the aim to 
reduce their populations. A different approach, recently proposed, targets the common 
co-receptor Orco with selective inhibitors of complex chemical structure (Jones et al., 
2011; Chen and Luetje, 2012). These inhibitors allosterically block all heterodimeric 
channels formed by interaction of Orco with specific ORs, as well as dimeric Orco 
complexes. Their interest lies in this property of acting on all the ORs of the mosquito. 
However, the large size and the structures of such molecules result in reduced volatility 
that so far prevents their use in the environment. 
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Given the important role of OBPs that has emerged from recent research, these proteins 
have also been the object of close and wide attention, as targets to disrupt olfaction in 
mosquitoes. The genome of malaria mosquito An. gambiae is endowed with 69 genes for 
putative odorant-binding proteins (Biessmann et al., 2005; Foret and Maleszka, 2006; 
Vogt, 2002; Xu et al., 2003; Vieira and Rozas, 2011). Of these, OBPs 1 to 29 belong to 
the so-called “classic OBPs”, whose members are characterised by the six conserved 
cysteine motif and topology (Scaloni et al., 1999; Leal et al., 1999) and a typical three-
dimensional folding (Sandler et al. 2000; Tsitsanou et al., 2012; Davrazou et al., 2011; 
Lagarde et al., 2011a; Ziemba et al., 2013; Ren et al., 2009). OBPs 30 to 45 are called 
“atypical”, being longer and presenting different features, while OBPs 46 to 57 belong to 
the Plus-C group, characterised by the presence of 12 cysteines in conserved positions 
(Hekmat-Scafe et al., 2002; Justice et al. 2003b; Xu et al., 2003; Zhou et al., 2004b; 
Manoharan et al., 2013; Lagarde et al., 2011b). 
Not all of the genes encoding OBPs are expressed, and only a subset of those expressed 
could be involved in olfaction. A reasonable criterion to select genes that might play a 
role in chemodetection is to verify whether they are expressed in chemosensory organs, 
primarily in antennae.  
Molecular biology techniques, such as Northern blot, microarray and PCR with specific 
primers have shown the presence of RNA in female antennae of the classic OBPs 1, 3, 4, 
5, 7, 9 and 17, as well as two of the C-plus OBPs, 47 and 48  (Biessmann et al., 2002; Xu 
et al., 2003; Biessmann et al., 2005; Justice et al., 2003b; Andronopoulou et al., 2006; 
Iatrou et al., 2008). Some of these proteins encoded by these genes have also been 
identified in a proteomic study (Dani et al., 2008). In some cases the expression of OBP 
genes is up-regulated or down-regulated after a blood meal, indicating that the 
corresponding proteins might be involved in host recognition or other important function 
(Iatrou et al., 2008). It has also been reported that several OBPs are differentially 
expressed in different parts of the body, while a substantial number of these proteins 
(mainly belonging to the so-called “atypical OBPs”) might be not expressed at all 
(Biessmann et al., 2005). Examples of classic, C-plus and atypical OBP sequences are 
aligned in Figure I.9. 
Another important aspect of the mode of action of OBPs regards their possibility of 
forming heterodimers, thus generating new protein species with different characteristics 
and enlarging the repertoire of semiochemicals that could be discriminated. Indeed 
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interactions between OBP48 and some classic OBPs, as well as between OBP1 and 
OBP4 have been reported using co-immunoprecipitation methods and cross-linking 
studies (Andronopoulou et al., 2006). 
Interactions of OBP4  withn OBP1 and OBP3 have been deduced from the anomalous 
binding of the fluorescent probe 1-NPN to binary mixtures of the proteins (Qiao et al., 
2011). In the same paper, co-localization of the RNAs for OBP1 and OBP4 in the same 
sensilla has been observed using immunofluorescence microscopy (Figure I.10).  
 
 
 
 
 
 
 
 
 
 
 
 
Other experiments also demonstarted that OBP1 and OBP48 are expressed in cells 
housed in the same sensillum (Schultze et al., 2012), suggesting that co-expression of 
OBPs could be a more general phenomenon in mosquitoes.  Interplay between OBPs 
could multiply the actual number of chemodetectors, thus increasing the complexity of 
olfactory coding. The same work (Schultze et al., 2012) also report the presence of 
another neuron expressing OR1 in the same sensillum, as a first contribution to establish 
a relationship between  OBPs and ORs. Interactions between OBP1 and OBP4 have also 
been visualised at the structural level in a recent work (Davrazou et al., 2011). 
The three-dimensional structures of 9 OBPs of mosquitoes, including 6 of An gambiae 
have solved, in some cases in complexes with their ligands (Table I.2). As examples, in 
Figure I.11 the structure of classical OBP1 of An. gambiae is compared with that of C-
plus OBP47 of the same species.  
Figure I.10. Cooperative binding of A. gambiae OBPs. Left: Scatchard plot analysis of 
binding of 1-NPN to binary mixtures of OBP1, OBP3 and OBP4. Non linear behaviour 
of the curve s relative to pairs OBP1/OBP4 and OBP3/OBP4 indicate interactions 
between OBPs. Right: in-situ fluorescence hybridization indicate that OBP1 (red) and 
OBP4 (green) are colocalised in the same sensillum (from Qiao et al., 2011). 
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Further information on the role of specific OBPs in the coding of chemostimuli in 
mosquitoes comes from silencing their genes. Experiments of RNA interference targeted 
on OBP1 in An. gambiae (Biessmann et al., 2010) and in Culex quinquefasciatus 
(Pelletier et al., 2010) have drastically reduced electrophysiological responses to indole, 
showing that in both species OBP1 is essential for the perception of this semiochemical. 
Concerning CSPs in An. gambiae, very scarce information is available apart from what 
comes from genome annotation. The repertoire of CSPs in A. gambiae (Li et al., 2005; 
Biessmann et al., 2002; Vieira and Rozas, 2011) comprises 8 members, named as SAP1, 
SAP2, SAP3, CSP1, CSP3, CSP4, CSP5 and CSP6 (GenBank acc. no.: AF437891; 
AJ697728; AJ697729; AJ697730; AJ697732;  AJ697733; AJ697734; AGF68546). This 
last protein is annotated for the first time as part of the present work. A ninth entry in the 
GenBank database (acc. AJ697731), classified as CSP2, reports a sequence identical to 
that of CSP1.  
Using microarrays, only the genes encoding the three SAPs have been detected in the 
antennae of both sexes (Biessmann et al., 2005), while no studies have been reported on 
these proteins. 
Figure I.11. Comparison between the structures of OBP1 (Wogulis et al., 2006) and 
OBP47 (Lagarde et al., 2011b) of An. gambiae. OBP1 is a classic OBP with 6 cysteines 
and folded into the conserved motif of 6 helices. OBP47 belongs to the C-plus OBPs, 
presenting additional cysteines besides the 6 of the conserved motif. Also the three-
diemnsional structure presents a core folded in a fashion similar to that of classic OBPs 
with additional regions at both ends of the protein  
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MOSQUITO  REPELLENTS  
 
One of the most promising approaches to mosquito population control is the use of 
repellents. Research for more efficient repellents has been focused in recent years on 
natural compounds, present in plant essential oils, both for a direct use and as reference 
structure for designing new chemicals with improved characteristics. 
At the same time, the increasing knowledge on the chemoreception system of mosquitoes 
at the biochemical level has been applied to understand the mode of action of the best 
repellents with the aim, once again, to suggest guidelines for the design of new more 
efficient products. 
The best known mosquito (and other insects) repellent is DEET (McCabe et al., 1954), 
recently replaced with the more efficient Icaridin (Klun et al., 2006) in commercial 
formulations. As the concentrations of DEET and Icaridin in the lotions to be directly 
applied on the body are as high as 20% and 12%, respectively, strong concerns are raised 
about the frequent use of such products, as DEET has recently been reported to have 
acetyl cholinesterase inhibiting activity (Corbel et al., 2009) and the safety of Icaridin has 
not been clearly established. The structures of DEET and Icaridin are reported in Figure 
I.12. Citronellal, responsible for the typical odour of lemon leaves, is also used in the 
form of scented candles to keep away mosquitoes, but its efficiency is lower and the 
strong odour associated with this compound could sometimes be unwelcome.  
 
 
 
 
 
 
 
The search for new mosquito repellents has followed three parallel lines: (a) along a 
rational study, structural modifications have been introduced in the molecules of DEET 
Figure I.12. DEET and Icaridin are the 
active components for the great majority of 
commercial products used as mosquitoes 
and insects repellents. Several studies 
aimed at the discovery of new insect 
repellents adopt the strategy of introducing 
structural modifications on these two 
molecules. So far, such attempts have 
managed to produce chemicals with longer 
protection time, but DEET and Icaridin 
remain the strongest repellents.  
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and Icaridin and the effects tested in a recurrent process of trial and error; (b) a search for 
alternative synthetic repellents of different structures; (c) using mostly ethnobotanical 
information, components present in plants oils known to be repellent against mosquitoes 
have been identified and tested for their biological effects. 
 
DEET and Icaridin analogues 
Since the discovery of DEET, several studies have attempted to design more efficient 
repellents by introducing chemical modifications in its structure and on that of more 
recently adopted Icaridin. (Figure I.12).  
One of these studies investigated potential relationships between repellency activity, 
measured as protection time, with electronic properties of a series of DEET analogues 
(Suryanarayana et al. 1991; Ma et al., 1999). Only a couple of the synthesised 
compounds could provide a protection time of about 5 hours, similar in this respect to 
DEET, that remained the best repellent. 
More recently, in a systematic work (Katritzky et al., 2008) Icaridin and structurally 
similar compounds with repellent activity against mosquitoes and other insects were 
taken as the starting point to model, using a neural network, 34 new N-acylpiperidines 
that were synthesized and tested with mosquitoes. Variations regard the aliphatic group 
linked to the carbonyl residue and short substituents on the piperidine ring. The first 
comprises linear chains up to 11 carbon atoms or cyclohexane rings directly connected to 
the carbonyl group or through a bridge of 1-3 carbon atoms. While DEET, used as a 
reference, was active for 17 days at the concentration of 25 mmoles/cm2, several 
derivatives could be efficiently used for about 50 days, one for more than 70 days. 
We cannot conclude whether the new compounds are stronger repellents for mosquitoes, 
but we can observe that derivatives bearing larger groups linked to the piperidine were 
among those exhibiting the longer effects, probably also due to their reduced volatility.  
The strong validity of this paper can be found in the very good correlation between 
predicted activity and experimental values. This indicates that a modeling approach can 
be efficiently utilised to design new mosquito repellents, at least within a homogeneous 
class of compounds. 
Other studies also investigated relationships between structure and repellency in a series 
of novel carboxyamides modeled on the molecule of DEET (Katritzky et al., 2010; Garud 
et al., 2011). However, so far none of the new compounds exhibited a lower threshold of 
repellency than DEET. Nevertheless, such studies provided valuable information for 
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designing compounds that might offer longer protection time and reduced toxicity or 
could be easier and cheaper to synthesise, while being as effective as DEET and Icaridin. 
 
Other synthetic repellents 
At the same time, a large number of different compounds have been designed and 
synthesised to be tested as repellents for mosquitoes and other insects, spanning a wide 
variety of chemical structures and functional groups.  
A recently published excellent review (Paluch et al., 2010),  presents in a concise and 
comprehensive form representative examples of the different classes of synthetic 
mosquito repellents (Figure I.13). The most striking observation is that compounds very 
different in chemical structure may be responsible for the same biological effect.  
 
 
 
 
 
 
 
 
 
 
 
 
 
A first group includes benzoates and phthalates (Figure I.13). Benzyl benzoate has been 
used for a long time as a repellent against insects and ticks (Bhattacharya et al., 1968; 
Landegren et al., 1979). Also phthalates have been reported to act against msquitoes 
(Karunamoorthi and Sabesan, 2010) and Drosophila (Zhou et al., 2004a). These 
Figure I.13. Besides DEET and Icaridin, a large number of synthetic 
compounds are active against mosquitoes. The great diversity of chemical 
structures suggests that complex mechanisms mediate the behavioural 
response of mosquitoes to repellents.!
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compounds bear certain similarity of size and shape DEET and related amides of Figure 
I.12, although being unrelated to them in terms of chemical nature. In fact, in the 
structures of both series we can identify a carbonyl group linked to two hydrophobic 
regions, one of them at least being aromatic.  
Other interesting chemicals are also endowed with repellent activity. Their structure are 
very different from those of DEET and Icaridin, as well as from those of benzoates, and 
include several open-chain compounds (Figure I.13). There are diols, such as 2-butyl-2-
ethyl-1,3-propandiol, 1-propyl-2-propyl-1,3-pentandiol and p-menthane-3,8-diol, as well 
as an acetylated aminoester, known with the commercial name IR3535 and compounds 
containing bridged ring systems. It is not possible to group all such diverse structures 
within a common rationale perspective and relate chemical parameters to the effects they 
produce. This observation strongly suggests that repellents do not act through a common 
mechanism, but rather target different elements of the olfactory system. 
 
Natural repellents in plant essential oils  
Plants have been used since prehistorical times against mosquitoes and other insects. A 
very early site in Africa, dating from 60-70 thousand years ago contains remains of leaves 
of several plants, including Cryptocarya species that contain natural insect repellents and 
may have been used to protect the beds of early humans from insects and other 
arthropods (Wadley et al., 2011). 
Although traditionally a large number of plants and their oils have been used by many 
populations worldwhile, only recently this topic has become the object of a systematic 
research for the active chemicals present in such botanical sources.  
Due to the safety concern about the regular use of DEET or Icaridin (Corbel et al., 2009), 
in the last few years the search for new, more efficient and safer repellents has been the 
object of rapidly increasing interest. Most of the studies have been aimed at discovering 
natural compounds present in plant oils and able to repel mosquitoes. This search is being 
performed through systematic analysis of a large number of plant extracts, as well as 
taking advantages of ethnobotanical information, mainly obtained in developing countries 
of Africa and Asia, where the problem of malaria is most serious and the local 
populations have discovered natural remedied to protect themselves from mosquitoes. 
The fast growing interest in this field is witnessed by more than 200 papers published 
during the last two years (2011-2012) in refereed journals, including 12 reviews. There 
are also several patents and few studies attempting a rational classification of repellents 
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structures, in order to extract some common features and parameters that could help 
designing new and more efficient repellents.  
So far, we can observe that their efficacy is at the best comparable with those of DEET 
and Icaridin, and no exceptionally strong repellent has yet been reported. 
Although there is a very large number of plants being used as mosquitoes and insects 
repellents, they generally contain a selection of common chemicals as their major 
constituents. Most of these compounds can be classified into two main groups: terpenoids 
and phenolic compounds. The first group includes open-chain and cyclic monoterpenes, 
most with a skeleton of 10 carbon atoms, together with their derivatives. Most common 
examples are reported in Figure I.14.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I.14. Common mosquito and insect repellents present in plant essential 
oils.  Most of the chemicals belong to (a) monoterpenes and derivatives, including 
bicyclic systems, (b) phenolic compouds. In addition, some unrealted structures 
have been identified in specific plant species.!
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Citronellal, citral, geraniol, linalool present the typical arrangement of two isoprene units 
in a monoterpene skeleton. Geranyl acetate and geranyl acetone represent derivatives of 
such compounds. A simple additional carbon-carbon bond leads to the cyclic structures of 
menthol, menthone, carvone, terpineol and others. Bicyclic structures, such as camphor, 
cineole and pinenes can be ideally derived from monocyclic terpenes by establishment of 
a second bond. Although these compounds constitute a homogeneous group with respect 
to their size and origin, neverthless they present different shapes, from linear to cyclic 
and almost spherical, this aspect being an important structural element when considering 
their interactions with olfactory receptor proteins of the insect. 
The second group includes aromatic derivatives, such as thymol, carvacrol and eugenol, 
compounds endowed with a flat shape and also with a phenolic group that, being rather 
acidic, may establish specific interactions with the amino acid residues in the pockets of 
binding proteins. We can incidentally observe that phenolic compounds are usually 
endowed with bacteriostatic and bactericidal activity, and in several cases they act as 
insecticides at high concentrations. Such properties might be related to the fact that 
mosquitoes and other insects try to avoid such chemicals. 
Apart from compounds belonging to the above two main groups, other naturally 
occurring chemicals have been reported to be mosquito repellents. Examples include 
nepetalactone (a sex pheromone for aphids), caryophyllene, spathulenol, longifolene and 
others. 
A large number of repellents naturally occurring in plants have been reported in a recent 
paper that lists all the plant essential oils and their components, that have been the object 
of patents for mosquito repellents (Pohlit et al., 2011). Others have been published in 
different papers between 2008 and 2012.  
A comparative analysis of the different structures reported in the literature and their 
relationships with plant species and families has been performed as part of this thesis and 
is reported in the Results chapter. 
 
Biochemical mechanisms of repellency in mosquitoes 
Based on the large and wide information on the chemical nature of mosquito repellents, 
recently the attention has been shifted to the study of biochemical events mediating the 
detection and perception of these important compounds. A better understanding of the 
interactions between repellents and proteins of the mosquito’s olfactory system may 
indicate guidelines and strategies to design new chemicals with higher activity, reduced 
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toxicity and longer protection time. 
Unfortunately, the complexity of the insect olfactory system has represented so far a 
major difficulty to clarify how chemical information encoded in the molecules of 
repellents is translated and perceived in the insect  chemoreception system to eventually 
produce a behavioural response. 
Most of the studies have been focused on DEET and the main question addressed is 
whether this chemical is perceived as a specific signal of danger or else it prevents 
location of the host by confusing the olfactory system. Results of different research are 
not in good agreement with each other and several issues remain open questions. 
One of the first studies to address this problem provided data suggesting that DEET acts 
as antagonist of heterodimeric olfactory receptors using Orco as a co-receptor (Ditzen et 
al., 2008). The Authors obtained similar results working with D. melanogaster and An. 
gambiae, concluding that DEET prevents the perception of host odour by inhibiting a 
large portion of olfactory receptors. The idea that repellents might affect the performance 
of the common co-receptor Orco is in agreement with the observation that DEET, and 
other commercial repellents, are active on many species of insects and also on ticks and 
mites.  In fact, sequences of Orco are exceptionally well conserved across evolution.  
However, a different picture emerged from another study, that reports the identification 
of specific receptors for DEET (Syed and Leal, 2008). Working with the mosquito Culex 
quinquefasciatus, the Authors identified an olfactory receptor neuron (ORN) in a short 
trichoid sensillum responding to DEET in a dose dependent manner. However, the same 
ORN responded with even higher sensitivity to terpenoid compounds, such as linalool, 
thujone and eucaliptol. We can observe that all these three compounds have been 
reported in the literature as repellents, although not as strong as DEET. The same 
sensillum contains another ORN, that responds to 1-octen-3-ol, a well known attractant. 
Response of this ORN to 1-octen-3-ol is not affected by the presence of DEET. These 
experiments seem to rule out the inhibitory action of DEET proposed by other Authors 
and suggest that repellents activate an independent signal pathway, sending a specific 
message to the insect’s brain. In the same paper, however, the Authors have observed that 
DEEt also acts by masking odours producing by the host’s body, but only by physical 
interactions not involving action on the olfactory receptors. 
The idea that mosquitoes perceive DEET as a specific signal is also supported by a 
genetic study, describing populations of the mosquito Ae. aegypti insensitive to DEET 
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(Stanczyk et al., 2010). Crossing mosquitoes over several generations, the Authors 
obtained two populations with different proportions of insensitive females and 
demonstrated that the “insensitivity” trait is dominant.  
Single sensillum recordings identified DEET-sensitive sensilla, as in the paper cited 
above, that did not respond in the insensitive line.  
Expressing two ORs of Ae. aegypti (OR2 and OR8) in Xenopus oocystes, each one 
together with the common co-receptor Orco, Bohbot and Dickens (2010) obtained 
complex patterns of response when they stimulated the oocytes with known attractants, 
such as 1-octen-3-ol and indole, and repellents, such as 2-undecanone, IR3535, DEET 
and Icaridin. They found that OR2 is activated by indole and DEET, while OR8 is 
activated by 1-octen-3-ol and 2-undecanone. In the absence of attractants, IR3535 and 
Picaridin do not activate OR2 nor OR8, while in the presence of odors, they strongly 
inhibit both ORs. DEET and 2-undecanone, instead, activate AaOR8 or AaOR2, 
respectively. Therefore, the more complex picture is emerging from this work, with 
repellents behaving both as activators for some ORs and inhibitors for others. 
In a very recent paper (Pellegrino et al., 2012), the group of Vosshall provides further 
evidence for the idea that DEET acts as a confusing agent by inhibiting certain ORs and 
thus scrambling the overall olfactory image in the insect brain. They first demonstrate 
that electrophysiological responses to 1-octen-3-ol and other odours in D. melanogaster 
is inhibited by DEET in some, but not all olfactory neurons. Furthermore, they describe a 
natural polymorphism occurring in a population of Drosophila producing flies where 
DEET has no effect on the response to 1-octen-3-ol. To make things even more 
complicated and difficult to analyse, 1-octen-3-ol seems to be an inhibitor of the studied 
olfactory neurons at low concentrations, but an activator at high concentrations. We can 
incidentally observe that the concentrations used in this work range between 0.01% and 
100%, with the strongest effects observed with solutions containing around 1% of 
odorant. Being such concentrations several orders of magnitude higher than those 
experienced by insects in natural environment, the biological meaning of the effects 
observed become very questionable.  
Summarising these scattered and ambiguous data, obtained with different species, 
different techniques, different olfactory receptors and in highly different conditions, we 
can only conclude that most likely DEET and other repellents have a dual action on the 
insect olfactory system: they are perceived as negative signals by some ORs, and at the 
same time interfere with the performance of other ORs. 
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The fact that some volatiles are perceived on their own and trigger repellence in 
mosquitoes and other insects is clearly observed in behaviour experiments performed in 
the absence of other odours. The method of the “warm body” (Kroeber et al., 2010) is 
based on this approach (Figure I.15). Mosquitoes are housed in a small box and are 
attracted to a warm plate (at the temperature of 34°C) in the presence of carbon dioxide, 
that acts as potent activator.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The repellency of a given compound is evaluated from the number of mosquitoes landing 
on the warm plate after introducing a fixed amount of the compound in the box. In such 
conditions, small amounts of DEET can reduce landings by 90-100%. 
We can thus summarize the data so far available in the literature on mosquito repellents 
in the following observations, that might represent reference points for future 
biochemical, physiological and ecological research; 
(a) DEET and Icaridin so far represent the best repellents; we still do not know what 
is special in the structures of these two compounds; 
(b) a large number of chemicals endowed with repellent effect on mosquitoes and 
other arthropods are produced by plants; only in some cases this phenomenon can 
be interpreted as a mechanism of defence by the plant; 
(c) the wide variety of chemical structures producing repellent behaviour suggests 
that different biochemical mechanism may be present in the mosquito’s 
Figure I.15. The ‘warm body” approach to measure repellency of chemicals and  
oils (Kroeber et al., 2010). Mosquitoes housed in the perspex cage are attracted 
to a plate by temperature and carbon dioxide. The repellency is evaluated by the 
reduced number of mosquitoes landing on the plate.!
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chemosensory system; 
(d) the available biochemical data are still patchy and confusing, sometimes in 
contrast with one another; however, several pieces of evidence, both  from 
physiology and behaviour  strongly indicate that mosquitoes perceive repellents as 
specific signals, rather than being confused by such chemicals; 
(e) the existence and the meaning of signals of danger in mosquitoes are still 
questions we are not able to answer. 
!
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Chapter II - Materials and methods 
 
Insects 
The Anopheles gambiae (GACAM-ST colony) were reared at the Department of Public 
Health Sciences at the University of Rome, Sapienza, Italy. This colony originated from 
An. gambiae M-molecular form (della Torre et al., 2001) collected in Cameroon in 2004 
and selected for a standard polytene complement (Xag, 2R+, 2L+, 3R+, 3L+) (Coluzzi 
et al., 2002). All insects used in the experiments were 2-4 days old. Specimens were 
killed by freezing at -20°C and kept at this temperature prior to analyses. Whole-mount 
in situ hybridization experiments were carried out on An. gambiae molecular forms S 
(strain Kisumu) kindly provided by Bayer CropScience (Monheim, Germany). Larvae 
were reared at 28±1°C and 80±10 RH and fed with cat pellets and adults were 
maintained at 26±1°C and 70±10 RH and fed on 10% sucrose, both were kept in a 
day:night cycle of 12:12 hours. 
Adults of A. albopictus originated from field-collected eggs, deposited by wild females 
on a bar of masonite placed outdoors in a dark vase containing water. Eggs batches were 
collected daily and kept moist for 24 h. Then they were placed in laboratory conditions 
(25±1°C, 45±5% R.H., natural summer photoperiod) in 250 mL beakers and submerged 
in water for hatching. Newly emerged larvae were reared in groups of 300 specimens in 
500 mL beakers, with water and a small amount of cat food until they reach the 
prepupal stage, when they were introduced in the bioassay cage. Emergent adults were 
maintained (300 specimens/cage, sex ratio 1:1) at 25±1°C, 65±5% R.H., natural 
summer photoperiod, and supplied with 10% sucrose solution on a cotton wick. 
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Reagents 
All enzymes were from New England Biolabs. Oligonucleotides were custom 
synthesised at Eurofins MWG GmbH, Ebersberg, Germany. Some of the ligands for 
binding assays were synthesized in our laboratory along with standard procedures. All 
other chemical reagents and ligands, except those synthesised in our lab and unless 
stated otherwise, were from Sigma-Aldrich and of reagent grade. 
 
RNA extraction and cDNA synthesis 
Total RNA was extracted from mixed sample of heads with antennae obtained from 50 
adult virgin males and 50 adult virgin females using the TRI® Reagent (Sigma), 
following the manufacter’s protocol. cDNA was prepared from total RNA by reverse 
transcription, using 200 units of M-MuLV Reverse Transcriptase (Fynnzymes) and 0.5 
!g of an oligo-dT primer in a 50 !l total volume. The mixture also contained 0.5 mM of 
each dNTP (GE Healthcare), 75 mM KCl, 3 mM MgCl2, 10 mM DTT and 0.1 mg/ml 
BSA in 50 mM Tris-HCl, pH 8.3. The reaction mixture was incubated at 50°C for 60 
min and the product was either used directly for PCR amplification or stored at -20°C. 
 
Polymerase chain reaction 
Aliquots of 1 µL of crude cDNA were amplified in a Bio-Rad Gene CyclerTM 
thermocycler, using 2.5 units of Thermus aquaticus DNA polymerase (GE-Healthcare), 
1 mM of each dNTP (GE-Healthcare), 1 µM of each PCR primer, 50 mM KCl, 2.5 mM 
MgCl2 and 0.1 mg/ml BSA in 10 mM Tris-HCl, pH 8.3, containing 0.1% v/v Triton 
X-100. At the 5’ end, we used specific primers corresponding to the sequence encoding 
the first six amino acids of the mature protein. The primers also contained an Nde I 
restriction site for ligation into the expression vector and providing at the same time the 
ATG codon for an additional methionine in position 1. At the 3’ end specific primers 
were used, encoding the last six amino acids, followed by a stop codon and an Eco RI 
restriction site (a Bam H1 site in the case of CSP1) for ligation into the expression 
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vector. Therefore, we used the following primers for the each protein (enzyme 
restriction sites are underlined): 
!
fwAgamCSP1 Nde: 5’-AACATATGCAGAAGTACACCGACAAG-3’ 
rvAgamCSP1 BamHI: 5’-GTGGATCCTTATTACGAACGCTTGTTGAT-3’ 
 
fwAgamCSP3 Nde: 5’-AACATATGGAAACAGCGAACGAAACC -3’ 
rvAgamCSP3 EcoRI: 5’-GTGAATTCTTATTACTCCGCATCCGACTG -3’ 
!
fwAgamCSP4 Nde: 5’-AACATATGGCCGCCGCCAACGACAGC -3’ 
rvAgamCSP4 EcoRI: 5’-GAATTCTTAAACGGCACCGTACTTGCGTA -3’ 
 
fwAgamCSP5 Nde: 5’-AACATATGCAGGAAGTTGCACGGACA-3’ 
rvAgamCSP5 EcoRI: 5’-GTGAATTCTTATTAGAGGTTAGAAAGATT -3’ 
 
fwAgamSAP1 Nde: 5’-AACATATGCAGGATAAGTACACCAGC-3’ 
rvAgamSAP1 EcoRI: 5’-GTGAATTCTTATTAGTCCAGCTTGATGCC-3’ 
 
fwAgamSAP2 Nde: 5’-CATATGCAGGAGCAGTACACCACCAAGTA -3’ 
rvAgamSAP2 EcoRI: 5’-GTGAATTCTTATTATTCCAGCTTGATGCC -3’ 
 
fwAgamSAP3 Nde: 5’-AACATATGCAGGATAAGTACACCACC -3’ 
rvAgamSAP3 EcoRI: 5’-GTGAATTCTTATTACAGGTTGATGCCCTT -3’ 
 
fwAgamCSP6 Nde: 5’-AACATATGTCCGGCAGTACCTGTGCC -3’ 
rvAgamCSP6 EcoRI: 5’-GTGAATTCGCCAGCATACGTCTG -3’ 
 
fwAgamOBP4 NdeI: 5’- AACATATGGCAATGACCATGAAACA -3’ 
rvAgamOBP4 EcoRI: 5’- GTGAATTCTTATTATGGGAACATGAAGGT -3’ 
!
fwAgamOBP5 Nde: 5’- AACATATGGCGATGACGCGAAAACAA-3’ 
rvAgamOBP5 EcoRI: 5’- GTGAATTCTTATTAGGGAAAGAGAAACAC-3’ 
!
After a first denaturation step at 95°C for 5 min., we performed 35 amplification cycles 
(1 min. at 95°C, 30 sec. at 50°C, 1 min. at 72°C) followed by a final step of 7 min. at 
72°C. In all experiments we obtained amplification products of 300-400 bp, in 
agreement with the expected sizes. 
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Cloning and sequencing 
The crude PCR products were ligated into a pGEM (Promega) vector, using a 1:5 
(plasmid:insert) molar ratio and incubating the mixture overnight, at 4°C. After 
transformation of E. coli XL-1 Blue competent cells with the ligation products, positive 
colonies were selected by PCR using the plasmid’s primers SP6 and T7 and grown in 
LB/ampicillin medium. DNA was extracted using the the Plasmid MiniPrep Kit 
(Euroclone) and custom sequenced at Eurofins MWG, Ebersberg, Germany. 
 
Cloning in expression vectors 
pGEM plasmids containing the appropriate sequence were digested with NdeI and 
EcoRI restriction enzymes for two hours at 37°C and the digestion products were 
separated on agarose gel. The fragments were purified from gel slices using QIAEX II 
Extraction kit (Qiagen) and ligated into the expression vectors pET-5b (Novagen, 
Darmstadt, Germany), previously linearized with the same enzymes. The inserts in the 
resulting plasmids were sequenced to confirm that they encoded the correct mature 
proteins. 
 
Expression and purification of the proteins expressed in E. coli 
For expression of recombinant proteins, each pET-5b vector containing the appropriate 
sequence was used to transform E. coli BL21 DE3 pLys cells. Protein expression was 
induced by addition of IPTG to a final concentration of 0.4 mM when the culture had 
reached a value of OD600 = 0.8. Cells were grown for a further 2 hours at 37°C, then 
harvested by centrifugation and sonicated. After centrifugation, CSPs were present in 
the supernatant except for SAP2, that together with OBPs, was present in the pellets as 
inclusion bodies. They were solubilised by dissolving the pellet obtained from 1 L of 
culture in 5 mL of 8 M urea, 1 mM DTT in 50 mM Tris-HCl buffer, pH 7.4, then 
diluting the solution to 50 mL with Tris-HCl buffer and dialysing three times against 
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Tris-HCl buffer. The OBPs were then purified using combinations of chromatographic 
steps on anion-exchange resins, such as DE-52 (Whatman), QFF or Mono-Q 
(GE-Healthcare), followed by gel filtration on Sephacryl-100 or Superose-12 
(GE-Healthcare) along with standard protocols previously adopted for other OBPs (Ban 
et al., 2003a; Calvello et al., 2003). Protein samples used for binding assays were 
delipidated at pH with a suspension of  Sephadex LH-20 (Pharmacia Fine Chemicals)  
mixing for 2 hours on ice. The proteins were then dialysed against Tris buffer at pH 7.4 
 
Search for new sequences 
The protein sequences of AgamCSP1 and AgamSAP1 were used as query to look for 
sequences of CSPs of other mosquitoes, in particular Aedes aegypti and Culex 
quinquefasciatus. Using the program tblastn, the search was performed for translated 
nucleotide database. For Aedes albopictus the database of expressed sequence tags (est) 
was also used. 
 
Fluorescence measurements 
Emission fluorescence spectra were recorded on a Jasco FP-750 instrument at 25°C in a 
right angle configuration, with a 1 cm light path quartz cuvette and 5 nm slits for both 
excitation and emission. The protein was dissolved in 50 mM Tris-HCl buffer, pH 7.4 
and ligands were added as 1 mM methanol solutions. 
 
Fluorescence binding assays 
To measure the affinity of the fluorescent ligand 1-NPN to each CSP, a 2 µM solution 
of the protein (5µM for CSP3 and SAP2) in 50 mM Tris-HCl, pH 7.4, was titrated with 
aliquots of 1 mM ligand in methanol to final concentrations of 2–16 µM. The probe was 
excited at 337 nm and emission spectra were recorded between 380 and 450 nm. The 
affinity of other ligands was measured in competitive binding assays, where a solution 
of the protein and 1-NPN, both at the concentration of 5 µM (except for CSP6 that was 
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used at 2µM) was titrated with 1 mM methanol solutions of each competitor to final 
concentrations of 2-16 µM.  
Binding constants to 1-NPN were calculated using Prism software. Dissociation 
constants of the competitors were calculated from the corresponding IC50 values, using 
the equation: KD = [IC50]/1+[1-NPN]/K1-NPN, where [1-NPN] is the free concentration 
of 1-NPN and K1-NPN is the dissociation constant of the complex Protein/1-NPN.  
 
Intrinsic Fluorescence  
The tryptophan intrinsic fluorescence was measured on a 2 µM solution of the protein, 
using an excitation wavelength of 295 nm and recording the emission spectrum between 
310 and 380 nm. Quenching of intrinsic fluorescence by ligands was measured in the 
same condition and in the presence of 0-16 µM of each ligand. 
 
Preparation of antisera 
Antisera were obtained by injecting adult rabbits subcutaneously and intramuscularly 
with 300 !g of recombinant protein, followed by two additional injections of 150 !g 
after 15 and 30 days. The protein was emulsified with an equal volume of Freund's 
complete adjuvant for the first injection and incomplete adjuvant for further injections. 
Animals were bled 10 days after the last injection and the serum was used without 
further purification. Rabbits were housed individually in large cages, at constant 
temperature, and all operations were performed according to the protocol approved by 
the University of Pisa ethics committee. 
 
Western-blot analysis 
After electrophoretic separation under denaturing conditions (14% SDS-PAGE), 
duplicate gels were stained with 0.1% Coomassie blue G250 in 10% acetic acid, 25% 
ethanol or electroblotted on Trans-Blot nitrocellulose membrane (Bio-Rad Lab) using a 
semi-dry protocol (Kyhse-Andersen, 1984). After treatment with 2% powdered 
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skimmed milk/0.05% Tween 20 in PBS overnight, the membrane was incubated with 
the crude antiserum at a dilution of 1:500 (2 h) and then with goat anti-(rabbit IgG) 
horseradish peroxidase conjugate (dilution 1:1000; 1 h). Immunoreacting bands were 
detected by treatment with 4-chloro-1-naphthol and hydrogen peroxide. 
Two-dimentional electrophoresis of proteins 
Larvae, at four instar, and pupae of An. Gambiae were homogenised in 500 µL of 0,1% 
aqueous TFA by grinding in a mortar followed by sonication, and centrifuged at 12,000 
rpm for 40 min at 4°C. The obtained supernatant was concentrated to 50 µL and diluted 
to 250 µL with a buffer containing 7 M urea, 2 M thiourea, 2% (w/v) CHAPS, 1% (v/v) 
IPG buffer (GE-Healthcare) and 60 mM DTT. The sample was loaded by rehydration 
for 11.5 hours in IPG strip (pH 3-11, 7 cm). Isoelectrofocusing was performed with an 
Ettan IPG Phor III system (GE-Healthcare) using the following conditions: 50V (2 
hours), 100V (2 hours), 500V (2 hours), 1000V (2 hours), 6000V (1.5 hours). The strip 
was then equilibrated for 15 minutes in a Tris-HCl 1.5M pH 8.8 solution containing 
glycerol 29.3%, urea 6 M, SDS 2%( w/v), DTT 1% and then for further 15 minutes in a 
Tris-HCl 1.5M pH 8.8 solution, containing Glycerol 29.3%, Urea 6M, SDS 2% and 
Iodoacetamide 2.5%. The second dimension electrophoresis was perfomed in 14% 
acrylamide gels using a SE 600 Ruby equipment (GE-Healthcare). The gels was stained 
with Brilliant Blue G-Colloidal Concentrate (Sigma). 
 
Identification of proteins from 2-D gel spots 
Spots of interest were excised and processed as described in Dani et al. (2010). The 
peptide mixture was submitted to nano HPLC-ESI FTMS analysis on an Ultimate 3000 
(Dionex, San Donato Milanese, Milano, Italy) coupled to a LTQ Orbitrap mass 
spectrometer (Thermo Fisher, Bremen, Germany). Peptides were concentrated on a 
precolumn cartridge PepMap100 C18 (300!m i.d. " 5mm, 5!m, 100Å, LC Packings 
Dionex) and then eluted on a C18 PepMap100 column (75!m i.d. " 15cm, 5!m, 100Å, 
LC Packings Dionex) at 300 nl/min. The composition of the mobile phases was: 0.1% 
aqueous formic acid/acetonitrile 97/3 (phase A) and 0.1% aqueous formic 
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acid/acetonitrile 3/97 (phase B). The gradient program was: 0 min, 4% B; 10 min, 40% 
B; 30 min, 65% B; 35 min, 65% B; 36 min, 90% B; 40 min, 90% B; 41 min, 4%B; 60 
min, 4% B. Mass spectra were acquired in positive ion mode, setting the spray voltage 
at 1.9 kV, the capillary voltage and temperature respectively at 40 V and 200°C, and the 
tube lens at 130 V. Data were acquired in data-dependent mode with dynamic exclusion 
enabled (repeat count 2); survey MS scans were recorded in the Orbitrap analyzer in the 
mass range 300-2000 Th at a 15,000 nominal resolution, then up to three most intense 
ions in each full MS scan were fragmented and analyzed in the Orbitrap analyzer at a 
7,500 nominal resolution. Monocharged ions did not trigger MS/MS experiments. The 
acquired data were searched against the genome of An. gambiae. 
 
Shot-gun mass spectrometry proteomic analysis  
Antennae  
Samples for shotgun experiments were resuspended in 200 µL of urea containing buffer 
(8 M Urea, 100 mM TrisHCl, pH 8.5). Based on Bradford colorimetric assay, the 
samples of female and male antennal extracts contained 80 and 200 !g of total protein, 
respectively. Reduction of disulfide bridges and alkylation was performed by treating 
samples with 2 mM DTT (30 minute at 25°C), followed by 11 mM iodoacetamide (20 
minutes at room temperature in the dark). LysC digestion was then performed by 
incubating the samples with LysC (Wako) in a ratio 1:40 (w/w) under gentle shaking at 
30°C. The digestion products were diluted 3 times with 50 mM ammonium bicarbonate 
and incubated with 10 !L of immobilized trypsin (Applied Biosystems) for 4 hours 
under rotation at 30°C.  
15 µg of each resulting peptide mixture were then desalted on Stage Tip (Rappsilber et 
al., 2007) and the eluates dried and reconstituted to 50 !L in 0.5 % acetic acid. 
Fractions containing 7 !g of protein were injected. 
Three sets of analyses were performed, each in triplicates on a LC-MS/MS system 
(Eksigent nanoLC and ESI LTQ-Orbitrap Velos (Thermo)), on a C18 (75µm i.d. " 
15cm, 1.8 µm, 100Å) column at 250 nL/min using a 155 or 255 minutes gradient 
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ranging from 5% to 60% of solvent B (solvent A= 5 % acetonitrile, 0.1 % formic acid; 
solvent B 80% acetonitrile, 0.1 % formic acid). The nanospray source was operated 
with a spray voltage of 2.1 kV and ion transfer tube temperature of 275 °C. Data were 
acquired in data dependent mode, with one survey MS scan in the Orbitrap mass 
analyzer (resolution 60,000 at m/z 400) followed by up to 20 MS/MS in the ion trap on 
the most intense ions (intensity threshold = 750 counts). Once selected for 
fragmentation, ions were excluded from further selection for 30 seconds, in order to 
increase new sequencing events. Raw data were analyzed using the MaxQuant 
proteomics pipeline ( v1.2.2.5) and the ANDROMEDA search engine (Cox et al. 2011) 
against the database described above. Carbamidomethylation of cysteines was chosen as 
fixed modification, oxidation of methionine and acetylation of N-terminus were chosen 
as variable modifications. The search engine peptide assignments were filtered at 1% 
FDR and the feature match between runs was not enabled; other parameters were left as 
default.  
For each set of analysis, relative  abundance of proteins was estimated using the 
“Intensity” values as produced by MaxQuant software (Cox et al. 2011), normalised on 
the total intensity signal. 
Eggs  
Eggs extract was freeze-dried, redissolved in 40 !L of 10 mM DTT in100 mM AMBIC 
and incubated at 56°C for 45 min. Then, 40 !L of 55 mM iodoacetoamide were added 
and the mixture was incubated at room temperature for 30 min in the dark. Digestion 
was performed by addition of 2 µL of 0.1 !g/!L trypsin and incubation overnight at 
37°C. Digestion was blocked by 10% TFA to pH 2.5. Aliquots of 25 !L of the resulting 
peptide mixture were then desalted on three Stage Tips (Rappsilber et al., 2007); eluates 
were pooled, dried and then reconstituted to 15 !L in 0.5 % acetic acid. Peptide solution 
was analysed in triplicates (1!L) by HPLC-ESI FTMS analysis on an Ultimate 3000 
(Dionex, San Donato Milanese, Milano, Italy) coupled with an LTQ Orbitrap mass 
spectrometer (Thermo Fisher, Bremen, Germany) using a C18 (75 µm i.d. " 15cm, 1.8 
µm, 100Å) column at a 250 nL/min flow, using a 144 gradient ranging from 5% to 90% 
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of solvent B (solvent A= 5 % acetonitrile, 0.1 % formic acid; solvent B 80% 
acetonitrile, 0.1 % formic acid). The nanospray source was operated with a spray 
voltage of 2.0 kV and ion transfer tube temperature of 275 °C. Data were acquired in 
data dependent mode, with one survey MS scan in the Orbitrap mass analyzer 
(resolution 15,000 at m/z 400) followed by up to 3 MS/MS in the ion trap on the most 
intense ions. The acquired MS and MS/MS data were searched with Proteome 
Discoverer 1.2 (Thermo Fisher) using SEQUEST as the search algorithm. 
 
Molecular modelling 
Three-dimensional models of OBPs were generated using the on-line programme 
SWISS MODEL (Guex and Peitsch, 1997; Schwede et al., 2003; Arnold et al., 2006). 
Models were displayed using the SwissPdb Viewer programme ‘‘Deep-View’’ (Guex 
and Peitsch, 1997) (http://www.expasy.org/spdbv/).  
 
Synthesis of new repellents 
New compounds to be tested as mosquito repellents have been synthesised in our lab 
according to standard protocols. In particular: 
a) benzoates (butyl, hexyl, octyl) and N-hexylbenzamide were prepared from 
benzoyl chloride and the corresponding alcohol or 1-hexylamine; 
b) cinnamates (ethyl and butyl) were prepared by refluxing cinnamic acid with the 
appropriaate alcohol in benzene in the presence of catalytic amounts of 
p-toluenesulfonic acid; 
c) 7-hydroxycitronellic acid was prepared by oxidation of 7-hydroxycitronellal 
with silver oxide; 
d) menthone derivatives (dioxolane spirocompounds A, B and C) were prepared by 
refluxing in a Dean-Stark apparatus menthone with the appropriate diol in the 
presence of catalytic amounts of p-toluenesulfonic acid. 
 
                                           Chapter II – Materials and Methods 
!
 
#"!
Warm body bioassay 
Attraction of female mosquitoes was evaluated using a cylindrical warm body (WB, 60 
mm diameter disk, 20 mm thick) as a heat source. It is an in vitro behavioral assay for 
testing mosquito repellents applied in a dose-based manner to a warm body (34°C) in 
test cages, in the presence of additional carbon dioxide (level in the cage from 500 ppm 
to 1,500 ppm), applied as a pulse to activate mosquitoes in the cages. A glass Petri dish 
(60 mm diameter), attached on the warm body, is treated with a repellent. A white filter 
paper disk (55 mm diameter, Whatman No. 10 311 807) was inserted between the Petri 
dish base and the black warm body surface to visualize mosquito landings. The sides of 
the bioassay cages were covered with white cardboard to avoid activation by visual 
stimuli due to the presence of the experimenter. The Petri dish floor was treated with 
100 µL pure ethanol (Merck, Darmstadt, Germany) as control or with 100 µL ethanol 
solutions containing DEET (Riedel de Haen, PestanalH, Seelze, Germany) and other 
repellents, at different concentrations, on the Petri dish floor. To monitor the number of 
landings, the warm body was filmed with a low light sensitive black and white 
charge-coupled device camera (model WV BP310; Panasonic, Osaka, Japan) equipped 
with a TV zoom lens (model J6 3 12, 12.5–75 mm 1:18; Canon, Tokyo, Japan) placed at 
the opposite side of the cage. The total number of mosquito landings over 2 min on the 
vertical surface of the Petri dish was counted for control and for repellents. For each 
cage a repellency index for a compound was calculated using the formula: 
[(Landingscontrol-Landingsrepellent)/Landingscontrol]x100 
The software NLS in R version 2.9.0 was used for data analysis and also for graphical 
representation of data. 
 
Human-bait repellence activity  
The repellence of menthone and of other derivatives (synthesized in our lab), was 
evaluated using the human-bait technique (to simulate the condition of human skin on 
which repellents will be applied), as reported in Schreck and Mc Govern (1989), Gleiser 
et al. (2011), Kamsuk et al. (2007), and Conti et al. (2011). Tests were conducted 
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during the summer of 2012. Groups of 150 nulliparous, nonblood-fed, starved female of 
A. albopictus (8-12 days old) were placed into Plexiglas cylindrical laboratory cages 
(diameter, 35 cm; length, 60 cm). Six volunteers were chosen amongst susceptible to 
mosquito bites and non-allergic subjects. They had no contact with lotions, perfumes, 
oils, or perfumed soaps on the day of the bioassay. They wore a latex surgical glove, in 
which a dorsal square area 5x5 cm was cut open. Mosquitoes-exposed skin was treated 
with 100 µl of ethanol, as negative hand control. The other hand was treated with 100 µl 
of menthone (or derivatives) in ethanol solution (dosages ranging from 4x10-5 µl/cm2 to 
1,2x10-2 µl/cm2). All concentrations were replicated 6 times. The hand treated with 
ethanol and the other hand treated with repellent were used in the same test cage. The 
number of probing mosquitoes in a 3-min exposure period was recorded. The 
percentage of repellence obtained from six replicates (expressed as percentage 
protective efficacy –PE%) was calculated at each dosage using this formula :  
PE%=[(number probing untreated hand - number probing treated hand)/number probing 
untreated hand]x100 
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Chapter III – Results and Discussion 
 
 
This research was aimed at a better undestanding of the olfactory system in mosquitoes 
in order to devise new strategies for population control, that could be respectful of the 
environment, in alternative to currently used insecticides. In particular, the selected 
targets are volatile compounds, endowed with repellent activity and soluble olfactory 
proteins, that are likely to mediate perception of such semiochemicals.  
Therefore, the experimental work has been developed along two parallel approaches: 
• a biochemical study to identify and characterise the olfactory proteins expressed 
in mosquitoes, and to measure their affinity towards potential repellents; 
• a comparison of the chemical structures, both naturally occurring and synthetic, 
of current repellents, in order to identify common features that could enable us 
to design new compounds active on mosquitoes. At the same time we explored 
any correlation that we could find between biological activity and affinity to the 
olfactory proteins 
 
 
IDENTIFICATION OF OBPs AND CSPs 
 
The biochemical investigation of the mosquito’s olfactory system was restricted to 
soluble proteins, odorant-binding proteins (OBPs) and chemosensory proteins (CSPs), 
that are much easier to study that membrane-bound olfactory receptors (ORs) and 
represent the macromolecules that first interact with semiochemicals in the process of 
odour discrimination. 
As reported in the Introduction, the malaria mosquito A. gambiae is endowed with 69 
genes encoding OBPs and 8 encoding CSPs. Our first task was to identify those that 
were actually expressed at the protein level, with particular reference to antennae. 
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Antennae of adult mosquitoes 
The proteins expressed in the antennae of male and female adult mosquitoes were 
identified using two different proteomic approaches. 
Along with the first protocol, the crude protein extract from the antennae of 500 male A. 
gambiae was separated on a two-dimensional electrophoretic gels (Figure III.1). Single 
spots were excised, digested and analysed by mass spectrometry, as described in the 
Materials and Methods chapter. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In total, we analysed all the 79 protein spots detectable in the region of molecular 
weight lower than 40 kDa. In fact, most of the OBPs and CSPs are small polypeptides 
of 10-16 kDa, but some of them can be longer (C-plus OBPs and salivary OBPs) or 
constituted by two OBP sequences in series (tandem OBPs).  
Under our experimental conditions we could only detect a single member of the OBP 
family, OBP9, present in two different spots (marked with red arrows). In addition, we 
identifed two proteins of the CSP group, named SAP1 and SAP3 (marked with blue 
arrows). This result reasonably excludes the presence of other OBPs and CSPs, at least 
in concentrations high enough to be stained by Coomassie blue. 
Given the much smaller size of the female antenna, compared with male’s, we thought 
that the same approach would have required a too large sample if applied to females. 
Therefore, we decided to adopt the shot-gun approach, that has recently produced good 
results when used with the much smaller antennae of Drosophila  (Anholt and Williams, 
2010; Swarup et al., 2010). As described in the Materials and Methods section, the shot-
Figure III.1. Two-dimensional gel 
electrophoretic separation of an 
antennal extract from 1,100 antennae 
of An. gambiae. The gel was stained 
with colloidal Coomassie Brilliant 
Blue and all the spots migrating with 
apparent molecular weight lower than 
40 kDa were excised and analysed by 
mass spectrometry. Only OBP9 and 
the two Chemosensory Proteins SAP1 
and SAP3 could be identified among 
soluble olfactory proteins. Molecular 
weight markers are, from the top: 
Phosphorylase b, from rabbit muscle 
(97 kDa), Bovine serum albumin (66 
kDa), Ovalbumin (45 kDa), Carbonic 
anhydrase (29 kDa), Trypsin inhibitor 
(20 kDa), a-Lactalbumin (14 kDa). 
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gun approach does not require an electrophoretic gel. Instead, the crude protein extract 
is digested with trypsin or another protease and the product separated on a nano-HPLC 
system. Individual peptide peaks are then analysed by tandem mass spectrometry, thus 
obtaining information about molecular weight and partial sequence. The data are finally 
compared with genome sequence information using appropriate softwares to identify 
the protein present in the extract.  
Such analysis was applied to the antennae of both sexes of virgin A. gambiae.  Using 
this approach we identified 2958 proteins (2605 in females and 2634 in males). Among 
these, we were able to detect 24 OBPs and 4 CSPs, that are reported in Table III.1. 
In a few cases, because of high similarity of sequences, more than one OBP was 
identified on the basis of the same set of peptides (protein groups). This is the case of 
OBP1 and OBP17, that only differ for 11 additional residues at the C-terminus of 
OBP17. On the other side we could distinguish two proteins Q8T6R5 and Q8I8S7 
sharing 97% of their amino acids by the presence of one peptide unique to each of them. 
These proteins could be considered as isoforms. 
The identified OBPs can be assigned to three different groups: 13 classical OBPs, 5 
Cys-plus OBPs and 6 salivary OBPs. These latter, previously reported as belonging to 
the D7 protein family, are in fact abundant in mosquito saliva (Kalume et al., 2005). 
They are longer than classic OBPs with about 300 amino acids and present two 
additional cysteines; on this basis, therefore, they can also be assigned to the sub-class 
of C-plus OBPs. A function of these salivary proteins in chemical communication has 
not been investigated, although their presence in the antennae may suggest a role in 
odorant detection. Of the 4 identified CSPs, 3 have been previously reported in the 
literature as sensory appendage proteins (SAP) (Wanner et al., 2004; Biessmann et al., 
2002; Biessmann et al., 2005).  
For all OBPs, a higher number of unique peptides (peptides only present in a particular 
protein or protein group) were found in females with respect to males and 6 of them 
were female specific, suggesting a higher abundance of OBPs in the female antennae. 
On the contrary a similar number of peptides were found for CSPs in the two sexes. 
Figure III.2 shows the abundance values (LFQ) (Waanders et al., 2009) for OBPs and 
CSPs detected in the antennae of A. gambiae. We can observe a wider diversity and 
higher abundance of OBPs in females antennae as compared to males, with the only 
exception of OBP9 and the salivary OBP Q7PP74.  
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Table III.1. OBPs and CSPs identified in the antennae of An. gambiae by shot-gun  analysis. In 
the leader protein column we report the name of the sequence with the highest coverage, as 
reported in the SwissProt database. Unique peptides (UP) are those characteristic of each 
sequence. F: females, M: males. 
 
 
Entry code (*) 
 
Leader protein 
 
UP (F)  
 
UP (M) 
Sequence 
coverage % 
(**) 
Classic Odorant-binding Proteins 
Q8I8T0 or Q8I8S8 or Q7PLY5  OBP1 or  OBP17 13 6 63.9 
Q7PLY2 OBP2 4 2 35.7 
Q8T6R8 OBP3  9 4 50.8 
Q8T6R5 OBP6 1 0 35.7 
Q7PXT9; (Q8T6R4)   AgamOBP7 8 2 57.8 
Q8I8R2 OBP9  9 4 73.4 
F5HMX5; (Q8I8R1) OBP10  4 1 34.8 
Q8I8T5 OBP12 10 4 58.5 
Q8I8S7; (Q8I8S6)  AgamOBP18  1 1 16.6 
Q7Q9J3 or  Q8I8S4 OBP20  6 2 40.8 
Q7PGA3; (Q8I8S1) OBP22  4 0 31.8 
Q8I8R7;Q7Q088;Q6J291 AgamOBP25  4 2 40.3 
Q8I8R6 AgamOBP26 4 1 38.2 
C-plus Odorant-binding Proteins 
Q7QCC4 OBPjj9 3 2 16.7 
Q7PF80 or Q7YW68 OBP47  6 1 30.7 
Q7YW67 or Q8MMI9 or Q6J290 AgamOBP48  7 3 39.5 
Q5TYJ0 or Q8I8R3 OBP54  2 0 5.3 
Q7Q2W3 OBP57  3 2 15.7 
Salivary Odorant-binding Proteins 
Q7Q488 (Q9UB30) D7-related 1 protein 3 0 17.0 
Q9UB31 (O76815) D7-related 2 protein 6 1 50.6 
Q9UB32 or Q7Q487  (O76816) D7-related 3 protein 2 0 15.6 
Q7PNF2 or Q9BIH3 D7-related 4 protein 4 0 27.3 
SNAP_ANOPHELES00000005748 
(Q7Q484; Q7PJ76; Q8WR35) 
SNAP_ANOPHELES00
000005748 
8 3 17.4 
Q7PP74 AGAP006278-PA 7 6 27.8 
Chemosensory Proteins 
Q7Q3U7 or Q8T6R3 Sensory appendage 
protein SAP-1 
8 6 59.1 
Q6H8Z3 Sensory appendage 
protein SAP-2 
7 7 46.5 
Q6H8Z2 Sensory appendage 
protein SAP-3 
6 7 46.8 
Q6H8Y9 chemosensory protein 
CSP3  
5 3 42.9 
Other proteins 
Q7Q2T1 putative antennal 
carrier protein ANP-1!
4 5 50.0 
Q86PT5 Putative antennal 
carrier protein TOL-1!
8 4 37.9 
Q7PQP2 Putative antennal 
carrier protein TOL-2!
3 3 40.7 
(*) in Swissprot or genome for leader protein (and other proteins in the group) (**) Total 
sequence coverage calculated on the basis of the sum peptides identified in males and females 
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On the contrary, three CSPs, the so called SAPs, are more abundant in males. A 
comparison between results obtained with the shot-gun and the classic approaches for 
antennal proteins of males are in good agreement, as the three proteins identified on the 
gel (OBP9, SAP-1 and SAP-3) are also by far the most abundand in the shot-gun 
experiments.  
Therefore, the shot-gun method presents several advantages, such as shorter 
experimental time and the requirement of much smaller samples. Moreover it does not 
require a laborious two-dimensional gel preparation and protein spot digestion. 
Focusing our attention on female proteins, we compared our proteomic results with the 
expression of genes reported at the RNA level in several publications (Biessmann et al., 
2002; 2005; Justice et al., 2003b). 
The most represented proteins in the antennae of females are OBP9, OBP1/ OBP17 and 
OBP12, while OBPs 47, 48, 3, 7 and 20 are less abundant, although still significantly 
expressed. A third group includes OBP22, the salivary protein D7r2 and the CSPs 
SAP1, SAP2 and CSP3, that are expressed at even lower levels. Finally, we could detect 
traces of a number of other proteins. 
These results are only in partial agreement with the transcriptome data previously 
reported in the literature (Biessmann et al., 2005). On the basis of real-time PCR and 
microarray analysis, OBPs in female antennae were ranked in the following order of 
abundance: 5, 48, 1, 17, 9, 47, 3, 7, 4 and 20. All these genes, with the exception of 
Figure III.2.  Abundance of OBPs, CSPs and other proteins as reported in Table III.1 in the 
antennae of males and females An. gambiae. The evaluation of relative abundance (in 
arbitrary units) is based on the areas of the peaks in the LC-MS analyses. The values are the 
averages of three experiments, each performed in triplicates. Error bars are also reported. By 
far the most abundant proteins in male antennae are OBP9, SAP1 and SAP3, in agreement 
with the results of the 2D-gel (Figure III.1).  
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OBP4 and OBP5, encode proteins that in our analysis were classified as abundant 
(second group) or very abundant (first group). The absence of OBP4 and OBP5 from 
our results posed a major problem, also because the presence of OBP4 transcript had 
been confirmed in a previous work (Qiao et al., 2011) in the antennae of mosquitoes 
from the same colony and of the same age as those used for the present research. In 
order to verify our shotgun results, we decided to investigate the presence of OBP4 and 
OBP5 in Western blot experiments, taking the highly expressed OBP9 (Dani et al., 
2008) as  control. 
 
 
 
 
 
 
 
 
Therefore, we expressed OBP4 and OBP5 in bacteria, adopting the classic procedure 
utilised for the expression of other OBPs (Qiao et al., 2011). As most of these proteins, 
OBPs were present as inclusion bodies and were solubilised and purified using our 
standard protocols successfully adopted for many proteins of this class (Ban et al., 
2003a; Calvello et al., 2003). The expression and purification of both protein is reported 
in Figure III.3. 
Polyclonal antibodies were raised against the two recombinant purified proteins and 
used in Western blot experiments on crude extracts of female and male antennae. Figure 
III.4 reports the results of the immunodetection.  
As controls for the antisera, we included samples of the purified proteins, while an 
internal control for the extract was provided by OBP9 that had been detected as the 
most intense spot in the 2D-gel of male antennae (Figure 1). The expression of OBP9 
and the production of a polyclonal antiserum will be the object of a manuscript in 
preparation (Qiao et al., unpublished). While we could clearly stain OBP9 in the extract, 
we were not able to get evidence for the presence of OBP4 or OBP5 (Figure 4) .  
Although their expression at levels below that detectable by Western blot analysis 
cannot be excluded, we can certainly state that OBP4 and OBP5 are not among the most 
expressed proteins in female antenna, as suggested by their high RNA levels. More 
Figure III.3. Expression of An. gambiae OBP4 and 
OBP5 in E. coli. SDS-PAGE of bacterial pellets 
before (Pre) and after (Ind) induction of the culture 
with IPTG. Molecular weight markers are, from the 
top: Bovine serum albumin (66 kDa), Ovalbumin 
(45 kDa), Carbonic anhydrase (29 kDa), Trypsin 
inhibitor (20 kDa), !-Lactalbumin (14 kDa). OBP4 
and OBP5: purified proteins. 
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likely, the synthesis of these proteins could be triggered by some events, such as mating, 
oviposition or ingestion of a blood meal. Therefore, such proteins would only be 
detected in certain physiological conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We can conclude that the repertoire of OBPs (13 classical OBPs; 5 Cys-plus OBPs; 6 
salivary OBPs) and CSPs (SAP1, SAP2, SAP3 and CSP3) is much lower that the 
number of genes encoding OBP-like proteins that are present in the genome of A. 
gambiae. There is also a clear sexual dimorphism in the number of OBPs expressed in 
the antennae, with a strong female bias. 
 
Pre-adult stages 
We also decided to investigate the presence of OBPs and CSPs in pre-adult stages and 
in eggs. Given the relatively large samples available for larvae and pupae, we decided to 
investigate the presence of OBPs and CSPs in such pre-adult stages using a 2D-gel 
electrophoresis coupled to mass spectrometry analysis. 
A crude extract from 100 larvae at 4th instar and 100 pupae of A. gambiae were 
separated on a 2D-gels and the spots analysed as described in the Materials and 
Methods section. The 2D-electrophoretical separation is shown in Figure III.5 and has 
revealed the presence, in the low-molecular weight regions of the gels, of several 
abundant spots, all identified as OBP9 (red circle). Only in the larvae OBP21 (red 
arrow) and SAP3 (blue arrow) were also detected.  
Figure III.4. Western-blot of crude 
antennal extracts of male and female An. 
gambiae, using polyclonal antisera against 
OBPs 9, 4 and 5. Left panels: SDS-PAGE 
of crude extracts (Ex) and sample of 
purified OBPs as indicated by their 
numbers. Right panels: Western-blot 
analysis of crude extracts (Ex) performed 
with the three antisera. A sample of OBPs 
9, 4 and 5 (0.5 µg of each protein) utilised 
for raising the antibodies was also loaded 
on the same gel. OBP4 and 5 are not 
detectable in our experimental conditions, 
while OBP9 is present in both sexes, in 
agreement with the shotgun experiment 
results. Molecular weight markers are as 
in Figure III.3. 
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Therefore, we performed a Western blot analysis on mono-dimensional gel 
electrophoresis to confirm these data (Figure III.6). We successfully detected cross 
reactivity at the expected molecular weigh in larval extracts of An. gambiae using the 
polyclonal antibodies for AgamOBP9 and Ae. aegypty CSP3 (sequence similarity 
AgamSAP3-AaegCSP3: 60%). 
 
 
 
 
 
 
 
 
 
 
 
Figure III.5. Two-dimensional gel electrophoretic separation of extracts from 100 fourth 
instar larvae and 100 pupae of An. gambiae. The gel was stained with colloidal Coomassie 
Brilliant Blue and all the spots migrating with apparent molecular weight lower than 24 
kDa were excised and analysed by mass spectrometry. Both in larvae and pupae OBP9 
was by far the most abundant protein (coverage by aminoacid sequence up to 61.87%), 
found in several spots (red circles). In larvae we could also detect OBP21 (Entry code in 
Uniprot Q8I8S3; coverage by aminoacid sequence 9.16 %) and SAP3 (coverage by 
aminoacid sequence up to 18.25%), present in spots where also OBP9 was identified. 
Molecular weight markers are as in Figure III.3. 
!
Figure III.6. Western blot analysis of a crude 
extract of An gambiae 4th instar larvae. E: 
crude extract stained with Coomassie blue. 
Molecular markes are as in Figure III.3. Both 
antisera, against recombinant OBP9 and 
SAP3 recognise protein band in the extract in 
agreement with the results of proteomic 
analysis.  
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A sample of 100 eggs was utilised for a shot-gun analysis, as reported in the Materials 
and Methods section. The only olfactory protein identified was OBP9, whose presence 
was based on two peptides found in all three replicates, with a coverage of 25.9%. 
 
 
THE FAMILY OF CHEMOSENSORY PROTEINS 
 
The group of Chemosensory proteins in An. gambiae has not received much attention.  
Therefore, we decided to express all the proteins of this class detected in antennae and 
measure their affinities to different ligands. This research was preceeded by a 
comparison of CSPs across all arthropods, in order to evidence structural relationships 
between the CSPs of An. gambiae and those of other insects, as well as non-insect 
arthorpods. 
 
The CSPs of arthropods 
Chemosensory proteins are better conserved than OBPs across evolution. However, 
within the same species, CSPs can be largely divergent, suggesting different functions 
associated with individual proteins, as reported in the Introduction. Several example are 
known of CSPs involved in chemodetection, semiochemical delivery and development.  
A comparison of the number of genes encoding CSPs in different insect species 
revealed a highly variability without any clear phylogenetic relationship. For instance, 
there are at least 70 CSP genes in the locust, but only 4 in Drosophila melanogaster and 
8 in Anopheles gambiae, a fact suggesting that these proteins may have been gradually 
lost during evolution. However, two other species of mosquitoes, Aedes aegypti and 
Culex quinquefasciatus, are endowed with 24 and 23 CSP genes, respectively, while 
more primitive aphids only present a dozen of such genes. In any case, we can observe 
that CSPs appeared earlier than OBPs, being present in crustaceans and millipedes, 
while OBPs are only found within insects. In Figure III.7 we have reported in a 
graphical way sequence similarities between the CSPs of different species. We have 
selected those species, where there is enough information to reasonably assume that 
most of the CSPs have been reported. In this analysis, we have also included the 
available CSPs of crustacean and millipedes. Information on non-insect arthropods is 
limited to only few species, namely the crustaceans Artemia franciscana, three Daphnia 
species and Triops cancriformis, as well as the myriapoda Julida sp. and 
                                            Chapter III – Results and discussion 
! #"!
Archispirostreptus gigas. Although a large number of entries were found in the EST 
database for CSPs of these species (more than hundred only for Daphnia pulex), we 
could only find a couple of different sequences for each species. This suggests that the 
total number of CSPs may be very limited in each species of these arthropods. On the 
other hand, we could not find any sequence related  to CSPs in the available information 
regarding the genome of Ixodes scapularis, suggesting that probably these proteins did 
not evolve in the branch of Chelicerata, that includes spiders, ticks and mites.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III.7. Similarity tree of selected Chemosensory Proteins (CSPs) of insects, crustacean and 
myriapods. Unlike odorant-binding proteins, that are only found in insects, CSPs are present also 
in other arthropods, specifically in Crustacea and Myriapoda, but not in Chelicerata. The non-
insect CSPs form a cluster of their own (highlighted in yellow). Their limited number within each 
species does not support a role in chemical communication. The number of CSP genes in insects is 
highly variable from 4 in Drosophila melanogaster to at least 70 in Locusta migratoria, without 
any apparent relationship with phylogenetic distance or function. 
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The crustacean and myriapods CSPs form a cluster of their own. However, their 
sequences are not very different from those of insect CSPs. As an example, the 
sequence of AgamCSP4 is aligned with one crustacean CSP (AfraCSP1; identity: 37%) 
and one millipede CSP (JulCSP2; identity: 24%) in Figure III.8.  
 
 
 
 
 
As for the CSPs of millipedes, the classic pattern of the four cysteines, conserved in all 
insect and crustacean members, is modified. The first pair of cysteines are 12 residues 
apart, instead of 6-8, the second pair is separated by only one or three amino acids 
instead of two. However, the good similarity over the all length of sequence, does not 
leave any doubt that these proteins belong to the CSP family.  
 
The CSPs of mosquitoes 
The genome of An. gambiae contains 8 genes encoding proteins of the CSP family. The 
last one (that we name CSP6; acc. AGF68546) was discovered during a BLAST search, 
using the 7 known sequences of A. gambiae as queries and searching the protein 
database. However, such protein lacked the signal peptide, indicating some mistakes in 
its sequence. Therefore, we cloned the entire gene and obtained the correct nucleotide 
sequence, encoding CSP6 with its signal peptide. The amino acid sequences of the 8 
CSPs of A. gambiae are aligned in Figure III.9. Amino acid identities between pairs of 
CSPs range between 20 and 78%.  
From the tree of Figure III.7, we can observe that 4 CSPs (the three SAPs and CSP1) 
are part of a cluster with identity values between 51 and 78%. AgamCSP4 and 
AgamCSP6, that only share 26% of their amino acids, are found in a large branch of the 
similarity tree (Figure III.7) that contains all the CSPs of crustacea and millipedes, 
together with some insect members (AmelCSP2, AmelCSP5, BmorCSP16, ApisCSP1, 
ApisCSP7 and ApisCSP9). The information available for genes encoding proteins of this 
Figure III.8. Alignment of CSP4 of An. gambiae with representative CSPs from other 
arthropods, Artemia franciscana (Afra) and Julida sp. (Jul), 37% and 24% identical 
with the the first protein, respectively. 
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group is limited to AmelCSP5, previously reported to be involved in embryo 
development, and BmorCSP16, whose expression was not detected in any tissue (Gong 
et al., 2007).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AgamCSP5 is found in a cluster that contains most of the CSPs of B. mori together with 
some members of the pea aphid. Finally, AgamCSP3 falls among CSPs from different 
insect species, whose functions again have not been investigated. 
In order to compare the repertoire of CSPs in An. gambiae with those of other species of 
mosquitoes, we searched for such proteins in the available databases of Aedes aegypty 
and Culex quinquefasciatus. Therefore, we performed a BLAST search, using 
AgamCSP1 and AgamSAP1 as protein queries on the nucleotide database. This 
investigation yielded about 50 entries for Ae. aegypti and a similar number for C. 
quinquefasciatus. After alignment and discarding double entries, we ended with 24 
CSPs sequences for Ae. aegypti and 23 for  C. quinquefasciatus. The alignment of 
sequences for both species is showed in Figures III.10 and III.11.  
Figure III.9. Amino acid sequences of the 8 CSPs of A. gambiae. Signal peptides are 
in italics. A similarity tree indicates that the SAPs form a cluster well separated from 
the CSPs. In particular CSP3, that together with CSP5 is longer, is significantly 
distant from other CSPs. 
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Figure III.11. Alignment of amino acid sequences of the 24 CSPs of Ae. aegypti. 
Signal peptides are in italics.!
!
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Figure III.11. Alignment of amino acid sequences of the 23 CSPs of C. quinquefasciatus. 
Signal peptides are in italics.!
                                            Chapter III – Results and discussion 
! $'!
For Aedes albopictus we were not able to find any CSP, both in the nucleotide 
collection and among the expressed sequence tags.  
In Figure III.12 we have reported in a graphical way the sequence similarities between 
the CSPs of Agam, Aaeg and Cqui. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Expression and purification of the CSPs of An. gambiae 
In order to formulate hypotheses on the possible functions of CSPs in mosquitoes, in 
particular An. gambiae,  we decided to express five of them, the four occurring at the 
protein level in antennae of adult males and females (SAP1, SAP2, SAP3 and CSP3: 
Mastrobuoni et al., unpublished) and the newly identified CSP6. This choice was also 
supported by the fact that we were not able to obtain amplification products in PCR 
experiments for the other CSP sequences, using cDNA prepared from all parts of the 
adult body, as well as from larvae and pupae. Therefore, we could reasonably suppose 
that the genes for the other three CSPs are not expressed. 
Fig. III.12. Similarity tree of the CSPs of three species of mosquitoes, An. gambiae 
(red), Ae. aegypti (blue), C. quinquefasciatus (green). Alignment has been performed 
with Clustal-W2, after removal of the signal peptides. 
!
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The five proteins were prepared in bacteria, following standard protocols, in high yields 
(20-30 mg/L of culture) and in their soluble forms, except for SAP2 that was present as 
inclusion bodies. Purification was also accomplished according to general methods, 
using chromatographic separations on anion-exchange columns and gel filtration.  
Figure III.13 reports for each protein the electrophoresis analysis of the crude bacterial 
pellet and selected fractions from the last purification step.  
 
 
 
 
 
 
 
Ligand binding assays 
The purified recombinant CSPs were utilised in competitive binding assays to 
characterize their affinities for a number of small organic compounds in fluorescent 
displacement experiments, using 1-NPN (N-phenyl-1-naphthylamine) as the fluorescent 
probe. First, affinity constants were measured for each protein to 1-NPN, as shown in 
Figure III.14, where the binding curves of the five CSPs are reported. All the five CSPs 
bind reversibly 1-NPN with dissociation constants in the micromolar range.  
In a second series of experiments we measured the affinity of each CSP for a number of 
potential ligands in competitive binding assays, using 1-NPN as the fluorescent reporter. 
We used both volatiles present in the environment, including some reported, or 
supposed, to be active on mosquitoes, as well as homologous series of synthetic ligands, 
such as benzoates, in order to define the structural requirements of an ideal ligand for 
each protein. 
Fig. III.13. Bacterial expression and purification of 5 CSPs of A. gambiae. The three SAPs 
and CSP3 are the only proteins of this class detected in adult antennae. CSP6 is a member 
not previously reported in the genome. All five proteins were expressed in good yields (about 
20-30 mg/L) and in soluble form. Purification was accomplished by anion-exchange 
chromatography on DE-52, followed by a second step on DE-52, or cation-exchange on CM-
52 or gel filtration on Sephacryl-100, as indicated. Each panel reports SDS-PAGE analysis of 
crude bacterial pellet before (Pre) and after (Ind) induction with IPTG, as well as significant 
consecutive fractions of the last purification step. Molecular weight markers (M) are, from 
the top, 66, 45, 29, 20 and 14 kDa. Recombinant CSPs migrate with apparent molecular 
weights of 14 to 20 kDa, significantly higher than their calculated masses (10-17 kDa). 
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The natural compounds we tested included citronellal and geranyl acetate, which have 
been reported to specifically activate olfactory receptors of An. gambiae (Allison et al., 
2010). Other compounds, such as geranyl acetone and nonanal were found to be 
constituents of human sweat and to produce electrophysiological and behavioural 
responses in mosquitoes (Logan et al., 2008). Butyl cinnamate and thymol were also 
tested as representatives of mosquito repellents. 
To provide some examples of good and poor ligands, Figure III.15 shows the 
displacement curves obtained with a selected set of chemicals for AgamSAP3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III.14. Binding curves 
of 1-NPN to the five CSPs. 2 
µM (SAP1, SAP3 and CSP6) 
or 5 µM (SAP2 and CSP3) 
solutions of protein in Tris 
buffer, pH 7.4, was titrated 
with 1 mM solution of 1-NPN 
in methanol to final 
concentrations of 2-16 µM. 
The data, averages of three 
replicates, were analysed 
using Prism software and 
indicated the presence of a 
single binding site.  
Dissociation constants (µM) 
are reported with standard 
deviation in parentheses. 
Figure III.15. Competitive binding curves of 
selected ligands to AgamSAP3. Solutions of 5 
mM protein and 2 mM 1-NPN were titrated 
with 1 mM solution of each ligand in methanol 
to final concentrations of  2 to 16 mM. The 
figure reports averages of three replicates. 
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Table III.2 reports the IC50 values (the concentration of the ligand halving the initial 
fluorescence value) and the calculated dissociation constant (KD) for each CSP/ligand 
combination. For weaker ligands, where IC50 values could not be measured, we report 
the value of fluorescence intensity measured at the highest concentration of ligand (16 
µM) as percent of the initial value.  
 
Table III.2. Binding of organic compounds to CSPs of An. gambiae. 
 
 
 
 
 
 
 
 
 
 
 
 
 
All the dissociation constants measured with ligands that exhibited some affinity to at 
least one CSP are also shown in Figure III.16 in a graphical representation, where the 
reverse of dissociation constants are reported (1/KD) for more immediate visualization. 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Binding of organic compounds to CSPs of A. gambiae 
 
SAP1 SAP2 SAP3 CSP3 CSP6 Ligand 
IC50 KD IC50 KD IC50 KD IC50 KD IC50 KD 
Quercetin 9.00 6.87 7.50 5.68 10.0 6.13 6.00 3.82 3.50 2.50 
2-Pentylcinnamaldehyde 6.50 4.96 4.50 3.41 1.50 0.92 1.00 0.64 2.50 1.79 
Retinal >30  >30  12.5 7.67 2.50 1.59 24.0 17.1 
Citronellal >30  >30  >30  10.0 6.37 >30  
!-Ionone 20.0 15.3 24.0 18.2 9.00 5.52 5.50 3.50 >30  
p-Hydroxybenzaldehyde 14.0 10.7 >30  14.0 8.59 20.0 12.7 >30  
Nonanal 9.50 7.25 >30  6.50 3.99 1.50 0.96 15.0 10.7 
Hexyl benzoate 15.0 11.4 5.50 4.17 7.00 4.29 >30  8.50 6.07 
Octyl benzoate 7.00 5.34 4.50 3.41 6.00 3.68 >30  6.00 4.29 
3,7-Dimethyloctyl benzoate 22.0 16.8 >30  >30  >30  19.0 13.6 
3-Nitrocymene 17.0 13.0 18.0 13.6 >30  >30  13.5 9.64 
Butyl cinnamate 7.00 5.34 5.00 3.79 6.00 3.68 >30  8.00 5.71 
 
 
Figure III.16. Graphical 
representation of the 
affinity of the five 
proteins to different 
ligands. CSP3 stands out, 
both for selectivity and 
affinity, while binding 
spectra of the other four 
proteins are more similar 
to each other. 
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Most of the ligands tested are chemicals of medium size, including terpenoids, such as 
citronellal and "-ionone, and aromatic compounds. The results obtained with a series of 
benzoates, from the ethyl to the 3,7-dimethyloctyl derivatives helps defining the size 
requirement for a best fitting. The hexyl and the octyl members appear to be the best 
ligands for all proteins tested except AgamCSP3. Butyl cinnamate, with a size and shape 
similar to that of hexyl benzoate is also a good ligand. The three SAPs and CSP6 show 
similar behaviour toward the set of ligands tested. This result is in agreement with the 
high sequence similarity between the three SAPs, while CSP6, that is very different in 
terms of amino acid sequence (20-22% identity) could have evolved independently 
towards a common function. A role of the three SAPs in chemodetection is also 
suggested by their close structural relationship (57-61% identity) with CSP3 of the 
honeybee (Figure III.7), a protein reported to bind the brood pheromone components 
(Briand et al., 2002). AgamCSP3, on the contrary, stands out with stronger and more 
specific affinities. Best ligands for this protein are 2-pentylcinnamaldehyde, retinal, 
citronellal and nonanal. These ligands, except the first one, bind exclusively or 
preferentially AgamCSP3. On the other hand, the affinities of other ligands to this CSP 
are very low or below our detection threshold.  
In summary, the binding results indicate that a set of 4 CSPs is tuned to natural 
compounds of medium size with measurable, but not dramatic, differences in their 
binding spectra. A function of these proteins in chemosensing is plausible, also on the 
basis of their expression in the antennae of both sexes of adult A. gambiae. On the other 
hand, AgamCSP3 shows a completely different spectrum of binding, suggesting a more 
specific role.  
To provide further support to the assumption that 1-NPN and the ligands interact with 
the binding cavity of each protein, we have measured the ability of the fluorescent probe 
and some selected ligands to quench the intrinsic fluorescence of the protein, due to a 
tryptophan present in the hydrophobic pocket of most CSPs (Figure III.17). In this 
analysis, we have selected the three SAPs, as CSP3 does not present a tryptophan 
residue in its sequence, while in the model of CSP6 the only tryptophan is located at the 
edge of the binding pocket. As for the ligands, we have chosen those that present an 
aromatic ring or an extended conjugated region, able to absorb the fluorescence 
produced by tryptophan. 
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BINDING PROPERTIES OF OBPs OF Anopheles gambiae 
 
The results reported in this section are part of a wide European research programme 
“ENAROMATIC” (European Network for Advanced Research on Olfaction for Malaria 
Transmitting Insect Control) involving several partners in eight countries. The aim of 
the project is to devise new strategies to interfere with the capacity of the female 
mosquito to detect the presence of odours of human origin in its environment and, thus, 
prevent it from obtaining a blood meal from the host and transmitting the malaria 
parasite in the process.  
The expression and characterization of some odorant-binding proteins among those 
Figure III.17. Quenching of intrinsic tryptophan fluorescence by 1-NPN and selected 
ligands. Proteins were used at the concentration of 2 mM. Tryptophan was excited at 
295 nm and spectra were recorded between 310 and 380. The intensities corresponding 
to the maximum of the peak (330-340 nm, depending on the protein) are reported as 
percent of the initial fluorescence values. 
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expressed in the antennae of An. gambiae have been the object of a previous PhD thesis 
(Qiao, 2010), while others, also abundant in antennae, have been investigated by other 
groups (Lagarde et al., 2011a; Lagarde et al., 2011b; Davrazou et al., 2011; Tsitsanou et 
al., 2012). 
A large part of the experimental work performed within the ENAROMATIC project by 
several groups, including our, is aimed at establishing correlations between chemical 
structure, binding activity to OBPs and behavioural effects on mosquitoes. In particular, 
we measured binding of 124 pure organic compounds to 7 OBPs, chosen among those 
highly expressed in the antennae of female An. gambiae. 
The experiments performed within this thesis are limited to OBPs 12, 19 and 47, while 
parallel data were provided by another partner of the project (Rothamsted Research, 
UK) on OBPs 3, 4, 5 and 7. The choice of such proteins was based on the report that the 
genes encoding for these OBPs are up- or down-regulated after a blood meal 
(Biessmann et al. 2005). They are all classic OBPs (with the conserved pattern of six 
cysteines), except for OBP47, which is much longer (173 amino acids instead of 119-
132 for the others) and contains 13 cysteines. The genes encoding these OBPs have all 
been shown to be expressed at relatively high levels by Northern blot and microarray 
experiments (Biessmann et al., 2002; 2005; Justice et al., 2003b) with all, except for 
OBP12 and OBP19, being in the top 10 OBPs most highly expressed in female 
antennae. OBP12 was included because its expression is almost three times higher in 
female antennae than in males and OBP19, together with OBP47, is one of the few 
OBPs selectively expressed in the head. At the protein level, all these OBPs, except for 
OBP4 and OBP5, were detected in our shot-gun proteomic study (see Figure III.2). 
The expression and purification of OBP 12, 19 and 47 has been already described in a 
previous thesis (Qiao, 2010). 
The 124 compounds have been selected to investigate the effect of different molecular 
parameters on the binding to OBPs, and define the structural requirements for a good 
fitting to each of the studied OBPs. Therefore, these potential ligands included series of 
homologous compounds, such as linear alcohols, aldehydes, ketones, acids and different 
benzoates, as well as terpenoids and heterocyclic compounds. Besides, several 
repellents for mosquitoes and other insects, have been included in this collection. 
Examples of repellents range from terpenoids, such as geraniol, citronellal and menthol, 
to aromatic volatiles, such as several benzoates and derivatives of benzophenone. 
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Figure III.18. Competitive binding of 124 pure chemicals to 7 recombinant OBPs of An. 
gambiae. The bars show the percent reduction of 1-NPN fluorescence with respect to the initial 
value in the absence of competitor. 
 
 
The affinity of ligands was evaluated in competitive binding assays, where we measured 
the displacement of the fluorescent probe 1-NPN from its complex with the protein by 
the ligand. 
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In this study, that represents a first wide screening, we limited the binding experiments 
to a single concentration of each compound (5 µM). The results are reported in the 
histograms of Figures III.18 as percentage of 1-NPN displacement. We can observe 
that: 
1. a large of number of ligands did not show any significant activity on the proteins 
tested; 
2. genarally ligands showed a certain specificity for the OBPs and the different 
OBPs exhibited different spectra of binding 
3. in the series of homologous compounds, such as linear alcohols or esters, 
strength of binding is dependent on the size of the molecule 
 
 
A RATIONALE FOR MOSQUITO REPELLENTS 
 
The large amount of data available in the literature on mosquito repellents, relative to 
both natural and synthetic compounds, represents a sound basis of information for 
attempting a rationalization of the phenomenon of repellency, that might suggest 
guidelines for designing new compounds with improved properties. 
In this section we critically review the literature data and present the synthesis of new 
potential repellents, designed on the conclusion of this study, and the evaluation of their 
activty against mosquitoes.  
 
Repellents from natural sources 
As reported in the Introduction, a large number of plant essential oils have been studied 
for their mosquito repellent properties. Ethnobotanical research as well as systematic 
investigation has provided a wealth of data on natural compounds that could be used as 
mosquitoes and insects repellents in alternative to common commercial products.  
Such chemicals include monoterpenes and their derivatives, such as citronellal, menthol 
and cineole, as well as phenols, such as thymol and carvacrol. Several of these 
compounds are also endowed with insecticidal properties. Their structures belong to 
different chemical classes, hydrocarbons, alcohols, carbonylic compounds and esters 
and include open-chain compounds, as well as monocyclic, bicyclic and aromatic 
compounds.  
In figure III.19 we have mapped most of the natural repellents together with their plant 
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sources. Colours indicate different chemical classes. We can observe that, despite a very 
large and increasing number of plant species endowed with mosquito repellency, the 
compounds responsible for such effect are a relatively small number and many of them 
are structurally related. Besides, compositions of essential oils seem to be rather similar, 
with a basis of components widely found in several species. Therefore, some basic 
molecular structures can be taken as reference for designing new repellents. 
Representative examples of these natural repellents have been collected in Figure I.14 
of the Introduction. 
 
 
 
 
 
 
 
 
 
 
 
New repellents designed on natural compounds 
Along with the observations reported in the previous paragraph, we have designed new 
potential repellents, based on some reference natural compounds of established activity. 
Figure III.19. Occurrence of mosquito repellents in plant essential oils. Species are 
reported in the bottom legend, families in the top legend. Names of chemicals, often 
representing the most abundant components of the oils, are listed in alternate fashion on 
both sides of the graph. Functional groups are colour coded. Green: hydrocarbons; light 
blue: alcohols; yellow: phenols; red: aldehydes and ketones; violet: esters and lactones.  
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Figure III.20 reports the structures of these chemicals, together with their reference 
molecules. Some of them are commercial, others have been synthesised along with 
standard procedures, as reported in the “Materials and Methods” chapter. 
In particular, the common use of benzyl benzoate as insects and ticks repellent 
suggested the synthesis of a series of n-alkyl benzoates, as well as that of N-
butylbenzamide. This last compounds is also structurally similar to DEET (Figure I.2). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thymol and its position isomer carvacrol are strong insect repellent occurring in a 
number of plants. The three synthetic analogues, all commercially available, explore the 
effect of the position and nature of the functional group, as well as the presence of an 
additional methyl on the isopropyl group. Ethyl and butyl cinnamates were chosen to 
evaluate the effect of the alkyl chain on the activity of these esters. Based on the good 
repellent properties of citronellal, as well as those of bifunctional derivatives, such as 
1,8-p-menthandiol (Figure I.13), we decided to synthesize 7-hydroxycitronellic acid. 
This compound was easily prepared by oxidation of the commercial 7-
Figure III.20. Design of new mosquito repellents based on some typical 
structures of natural compounds active on mosquitoes. 
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hydroxycitronellal with silver oxide. The rationale behind this choice was to reduce the 
volatility of the repellent by introducing an additional polar group (the hydroxyl in 
position 7) and replacing the aldehyde function with a much less volatile carboxyl 
group. This approach achieves the double effect of increasing the permanence of the 
compound on the skin or on other surfaces, thus improving its protection time, while 
reducing its odour. The same idea also suggested the use of p-tert-butyl benzoic acid, a 
commercial product, structurally similar to the natural repellent cumin aldehyde. 
The new potential repellents were tested in the “warm body” assay (described in the 
“Introduction” and “Materials and Methods” chapters) within a collaboration with the 
group of Patrick Guerin and Thomas Kroeber at the University of Neuchated, 
Switzerland (Kroeber et al., 2010).   
The results are presented in Figure III.21 as percent of repellency, calculated as reported 
in the “Materials and Methods” chapter. 
 
 
 
 
 
 
The tests were made in the presence of additional carbon dioxide, applied  to activate 
mosquito in the cages. The repellent response was measured by counting the number of 
landings by An. gambiae females during 2 minutes on the warm plate (Krober et al., 
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Figur  III.2 . Repellency activity of some new mosquito repellents performed at 
differe t co centrations. Numbers in parentheses indicate nmoles of repellent per square 
centimetre. The tests were performed at the University of Neuchatel using the method of 
the “warm body” (Kroeber et al., 2010).  
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2010). All products were tested at 20 nmol/cm2 (Figure III.21) or lower, as indicated.  
Several of the new compounds tested proved to be good repellents, in some cases 
comparable to DEET, whose efficacy, however, was never outdone. 
Particularly good was the performance of 7-hydroxycitronellic acid, that was as efficient 
as DEET at the maximum concentration (20 nmol/cm2), and even better at lower doses. 
It also presents the additional advantage of being less volatile than DEET, thus very 
likely offering a longer protection time. 
It seems, therefore, that strategies to discover better mosquito repellents should be better 
aimed at designing compounds with improved general characteristics, such as lower 
volatility, reduced toxicity and economical synthesis, rather than looking for stronger 
repellents.  
Along with such ideas, we have synthesised and tested derivatives of menthone, which 
was also reported to be a good repellent. In the new compounds we have replaced the 
carbonyl group of menthone with: a 1,3-dioxolane ring (A); a 4-methyl-1,3-dioxolane 
(B); a 4-propyl-6-ethyl-1,3-dioxolane (C). The repellency of menthone and its 
derivatives was evaluated using a different test, the “human-bait bioassay”, also widely 
used in these studies. In this behavioural test, we counted the number of mosquitoes 
probing on a patch of exposed skin treated with the potential repellent  in a 3-min 
period, as reported in the “Materials and Methods” chapter. The repellence was 
evaluated in different experiments over a concentration range, in order to draw a 
saturation curve and calculate the 50% active concentration for each compound.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure III.22. Repellency 
curves of menthone and 
derivatives. PE% (protective 
efficacy) is calculated as 
100x(C-T)/C, where C and 
T are the numbers of 
probing mosquitoes in the 
control and in the test, 
respectively. The data are 
the averages of experiments 
with six volunteers 
performed in duplicates. 
Stardard deviations are also 
reported. 
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The results are summarised in Figure III.22, that reports the saturation curves for each 
of the four putative repellents tested. The data are the averages of experiments with six 
volunteers performed in duplicates. All the compounds approach 100% repellency at 
their highest concentrations, but with curves of different slopes. To compare the relative 
efficacy of these compounds, we can look at the concentrations repelling 50% and 90% 
of mosquitoes (Figure III.23).  
 
 
 
 
 
 
 
 
 
 
We can observe that at 50% repellency compound (A) is much worse than menthone, 
while the other two derivatives perform better. Also at 90% repellency compounds (B) 
and (C) are significantly better than menthone. For practical applications we can 
consider only repellents and conditions achieving at least 90% repellency, as those 
significantly reducing the risk of mlaria transmission.  
We can therefore conclude that it is possible to substantially modify the structure of 
menthone, even by adding bulky groups, without reducing its efficacy towards 
mosquitoes, or even improving repellency, as in the cases of derivatives B and C. The 
greatest advantage, however, comes from the fact that we have obtained repellents with 
reduced volatility and therefore endowed with weaker odour and most likely longer 
protection time. 
The strategy of designing new repellents less volatile that those currently available, here 
illustrated with two examples, hydroxycitronellic acid and the menthone cyclic acetals 
B and C, can be reasonably applied to the structures of other repellents to obtain new 
compounds with improved characteristics. 
 
 
 
Figure III.23. Concentrations  
(nmol/ cm2) of menthone (M) 
and derivatives achieving 50% 
and 90% repellency on  Ae. 
albopictus mosquitoes. The 
structures of derivatives A, B 
and C are reported in Figure 
III.22. 
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Repellents: signals of danger or unfamiliar odours? 
The main question on how mosquitoes repellents achieve their purpose is related to the 
type of message conveyed by certain molecules. Schematically, an insect can stay away 
from an odour source for different reasons: 
a) the odour is a signal of danger: this is the case of "-farnesene for most aphid 
species, amyl acetate or 2-heptanone for bees and ants and few other examples. 
The specific odours are produced by the insect and act on conspecifics and, 
sometimes, also on individuals of other species, as it is the case with aphids. 
These odours therefore are classified as “alarm pheromones” and convey a clear, 
robust and specific message, which triggers a typical behavioural response; 
b) the odour is still produced by the insect, but does not necessarely convey a 
message of danger. Instead, it indicates a situation to be avoided. Examples 
include oviposition deterrents, odur marks indicating that a female has been 
fecundated, or others; 
c) the odour is not familiar and the insects are not really repelled, but are not 
attracted; 
d) the volatile acts as inhibitor of some olfactory receptors, thus interfering with the 
chemoreception system of the insect and reventing the insect from find the 
source of an attractant. In this case, as in the above situation,  negative behaviour 
can be only measured in the presence of an attractant, therefore the measured 
effect is a reduction of attractance rather than repellence. 
The ecological meaning of real repellents, such as alarm pheromones, oviposition 
deterrents and others is rather clear, being these specific messages produced by the 
insect and released in certain conditions. It is more difficult to explain why some natural 
components of plants volatiles, or some synthetic chemicals may act as repellents.  
It is true that in some cases plants mimick or exactly reproduce semiochemicals in order 
to attract or discourage insects. The cases of orchids able to synthesise sex pheromones 
of pollinating bees is well known (Ayasse et al., 2011), as that of plants keeping away 
aphids by producing "-farnesene (Beale et al., 2006). But the most diffucult situations 
to analyse are those of insects, which are not known to produce their own deterrents, but 
are repelled by natural odours. This is the case of mosquitoes, whose repellents, apart 
from DEET, Icaridin and few other synthetic chemicals, are terpenoids and phenolic 
compounds naturally occurring in a large variety of plants. A recent publication is 
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particularly interesting in this respect, as it reports of some natural components of 
flower scent that manage to keep away flower eating insects. Among these are benzyl 
benzoate and isoeugenol, well known as natural mosquito repellents (Kessler et al., 
2013). All these observations strongly suggest that most insects perceive several natural 
compounds as repellents. Unlike species-specific messages of danger or of situations to 
be avoided, such volatiles (terpenes and phenols) convey messages in a rather universal 
language understood by the majority of insects and arthropods, whose meaning we still 
have not been able to decipher. Understanding such coded messages would certainly 
open new ways to communicate with insects. 
Conclusions 
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CONCLUSIONS 
 
 
One of the most promising strategies to eradicate malaria is to reduce the populations 
of the mosquito Anopheles gambiae. Such task can be addressed by the use of 
insecticides, as well as with more environmental friendly volatile repellents. This last 
approach, however attractive, is still not very effective, owing to the poor knowledge 
on the biochemical and physiological mechanisms used by insects to decode olfactory 
messages. Moreover, it is still not clear what could be the ecological meaning of 
repellents for mosquitoes. 
With the aim of eventually design better repellents, we have tackled these basic 
problems using two parallel approaches: (a) a biochemical investigation on some of 
the proteins mediating olfactory detection in mosquitoes; (b) a comparison of the 
chemical structures of current repellents to extract common features that might help 
designing new repellent molecules. 
 
Along with the first task, we have aimed the experimental work at soluble proteins of 
chemical communication, OBPs and CSPs that are easier to study and model with 
respect to membrane-bound olfactory receptors, while being in some way involved in 
the recognition of odours. In fact, as reported in the Introduction, several pieces of 
evidence, accumulated during the last decade, strongly support the idea that any 
action affecting the proper functioning of these proteins might upset the entire 
olfactory capabilities of the insect.  
The main results we have obtained along this line of research can be summarised as 
follows: 
1. the mosquito An. gambiae expresses in the antennae a limited number of 
OBPs at the protein level compared with the 69 genes encoding such 
polypeptides. This information drastically reduces the number of OBPs worth 
investigating, making a study of the complete repertoire a feasible task. 
Moreover, there is strong female bias, both on the number and the levels of 
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OBPs expressed in the antennae, thus making easier the identification of 
specific OBPs to be targeted;  
2. a wide binding study of 124 ligands to 7 OBPs has indicated clearly different 
spectra of affinities between OBPs, supporting once again the idea that these 
proteins are at least in part responsible for decoding olfactory messages in 
mosquitoes. In particular, the data collected with common mosquito repellents 
represent a basis for understanding how an aversion behaviour can be related 
to the action of specific OBPs; 
3. thanks to the limited number of CSPs in mosquitoes, we have performed a 
complete chemical study of the repertoire of these proteins expressed in the 
antennae of the malaria mosquito. The family of CSPs has not received much 
attention compared to OBPs. However, their interest is related to the fact that 
this family of proteins includes members performing different physiological 
functions. For example, CSPs might mediate the detection of carbon dioxide, 
whose mechanism is still unknown, or the measurement of temperature: both 
types of signals are of the utmost importance to the mosquito searching for its 
host. Besides, some CSPs are involved in development, offering a new 
alternative target in population control. 
 
The second line of research adopted in this thesis considered the chemical structures 
of natural and synthetic mosquito repellents with the objective to identify common 
molecular features that might suggest guideline for the development of better 
repellents. A few biochemical and physiological studies, have addressed the question 
of whether mosquito repellents are perceived as real messages of danger or rather act 
by confusing and distracting the insect from its olfactory target. Unfortunately, no 
conclusion can be drawn from the few scattered and often contrasting pieces of 
information. While we believe that a detailed biochemical investigation should 
eventually answer these crucial questions, we have adopted a more practical approach 
to discover new repellents. 
A comparison of the data available in the literature, most regarding natural 
compounds found in plant essential oils, has indicated few molecular structures 
recurrent in most repellent, monoterpene derivatives and phenols. Moreover, we have 
noticed that, despite the very large number of chemicals tested, the commercial 
products DEET and Icaridin remain unbeaten. Therefore, if designing stronger 
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repellents could be a task difficult to achieve, we can certainly devise molecules  with 
repellent properties similar to those available, but endowed with other desirable 
characteristics, such as longer protection time, easier and cheaper synthesis, reduced 
toxicity for humans and other animals, more environmental friendly. 
In particular, taking known terpenes and phenols as starting points, we have designed 
less volatile molecules by adding bulky and/or polar groups. Both characteristics 
lower the volatility of the compound, thus reducing its odour and at the same time 
extending its protection time. 
Two successful examples illustrate these ideas. The new repellent 7-
hydroxycitronellic acid differs from the parent compound citronellal, used as repellent 
in the form of scented candles, by the addition of a polar group (the hydroxyl group in 
position 7) and the conversion of the aldehyde group into a more strongly polar 
carboxyl group. These modifications produced a repellent as good as DEET, but 
nearly odourless and of very low volatility. 
In the other example, we have modified the structure of menthone by converting the 
ketone group into substituted dioxolanes. In this case, we have reduced the volatility 
with the addition of bulky groups that have increased the molecular weight. Such 
structural modifications have not altered the repellent properties of menthone, in some 
cases improving the effect. 
These examples indicate that there are wide potentialities in the design of repellents, 
as good as the current commercial products, but endowed with better chemical, 
physiological and ecological characteristics.  
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